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ABSTRACT
It| is well known jthat cold working of a crystalline solid 
leads to high concentrations of dislocations in the lattice. In this 
state, the solid contains residual microstrains and is usually 
observed to have enhanced chemical reactivity when compared with the 
annealed condition. The residual strain energy, due to the strain 
fields around the dislocations, increases the free energy of the solid; 
this has two effects on the reactivity of the solid:-
(1) The increased chemical free energy results in an increased 
thermodynamic tendency for chemical reaction to occur,
(2) The increase in free energy results in a decrease in the 
activation energy for chemical reactions involving the solid. As a 
consequence, reactions may occur at faster rates.
The work presented in this thesis is a quantitative study of 
the effects of crystal defects on the chemical reactivities of both 
cold worked and chemically prepared copper and nickel.
It has been shown that residual microstrains affect the electrode 
potential of cold worked copper in the form of wire or powder. The 
relationship between the strain energy and the change in electrode 
potential, relative to the annealed state, is linear. Changes of 
electrode potential have been thermodynamically related to changes 
of surface chemical free energy, which result from the residual 
microstrain energy.
A polarographic technique has been developed to measure the 
rates of electrode processes of cold worked copper and nickel wires.
It has been shown that residual microstrains affect the rates of anodic 
dissolution. An extension to standard electrochemical theory has been 
proposed, which relates the anodic exchange current density with the 
change in activation energy for dissolution which results from 
residual microstrains.
Experiments have been carried out on cold worked aluminium 
oxide powder to compare chemisorption and BET adsorption particle 
sizes with crystallite size. It has been demonstrated that 
ball-milling caused a change of surface free energy in aluminium 
oxide powder. This was found to give rise to a change of electrode 
potential of the milled powder relative to that of the annealed powder.
X-ray line broadening has been used to measure crystallite sizes, 
microstrains and stacking fault probabilities in Raney copper and 
Raney nickel catalysts, and also in platinum catalysts. The defect 
concentrations in technically useful Raney nickel catalysts, of high 
catalytic activities, are considerably higher than those found in the 
relatively inactive catalysts which had been studied by previous workers. 
Measurements have been made of defect concentrations in catalysts of 
various activities, prepared by different methods. A relationship has 
been established between the catalyst structure and the temperature and 
time period used for digestion of Raney alloy. A similar relationship 
has been shown for platinum catalyst, prepared by ignition of a 
platinum salt at various temperatures. In addition, the aging processes 
occurring in a highly active Raney nickel have been followed by 
X-ray line broadening. These experiments show that catalysts with 
high defect concentrations are of high catalytic activity but of
low stability, since they are subject to crystallite growth and
strain relief at room temperature.
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INTRODUCTION
When a metal is cold worked, some of the energy used in the 
deformation process remains stored in the lattice. This energy is 
derived mainly from the residual microstrains which are produced by 
the introduction of dislocations into the lattice when plastic 
deformation occurs. The lattice defects which arise from cold 
working may be summarised as follows:-
(a) Macrostrain may be present. This is a strain which is 
uniform over relatively large distances in the lattice. The lattice 
plane spacings change from their stress-free values to new values 
corresponding to the stress and the appropriate elastic constants of 
the crystal.
(b) Microstrains may be present. These consist of non-uniform 
variations in the lattice spacings which result from the accumulation 
of dislocations. Microstrains can be regarded as random displacements 
of lattice points about the mean value of the lattice spacing.
(c) A further effect of cold working is the reduction in the
dimensions of the coherently scattering domains (crystallites). This
is related to the introduction of dislocations and stacking faults etc., 
and is therefore also related to the microstrains.
(d) Stacking faults and twin faults may be introduced. Faults 
are introduced into the stacking sequence producing localised changes 
in the structure.
X-ray diffraction line broadening analysis is the only known 
method of measuring microstrains, crystallite size and faultings in 
polycrystalline materials. Defect concentrations have generally 
been determined in cold worked metals and alloys, although more recently,
1 2 3non metals such as halides, oxides, and carbides have been studied.
VThe residual strain energy increases the free energy of a solid 
and is responsible for the increased chemical reactivity which is 
often observed with strained solids. The increase in free energy above 
the stress-free ground state level results in lowering the activation 
energy for chemical reaction. The strained solid will therefore 
react at a faster rate than the unstrained solid provided that the 
reaction rate limiting step is activation controlled.
Chemical changes which may occur at enhanced rates in strained 
solids maybe conveniently divided into two groups:-
(a) Reactions which take place within the bulk phase, which do 
not depend on the chemical nature of the surroundings. Examples are 
recovery and recrystallisation and also various phase transformations, 
such as the martensitic process, which involve shearing stresses, and 
phase transformations involving nucleation and growth.
(b) Reactions involving the surface of the strained solid 
with substances from a surrounding phase or phases. Examples are 
crystal growth and dissolution; corrosion processes, such as oxide 
film formation, stress-corrosion cracking etc.; sintering of 
crystalline powders; surface adsorption and desorption processes and 
heterogeneously catalysed reactions.
a considerable amount of work has been carried out to 
investigate the effects of residual strain and crystallite size on
c
rates of reactions listed in (a). Northwood has demonstrated that
phase transformations may be brought about in calcium carbonate, lead
monoxide and stainless steel by the introduction of microstrains into
the structures by ball-milling. Many experimenters have studied the
relationship between residual strain and annealing characteristics*
6Thus for example, Treco has shown that the activation energy for 
recrystallisation of zirconium decreased with increasing residual 
strain*
Much less work has been carried out to determine the effects of 
residual strain on surface reactivity and it is this aspect of the 
chemistry of strained solids which is the subject of this thesis.
One of the reasons for the paucity of work in this field is due 
to the great difficulty of obtaining clean surfaces, or surfaces 
contaminated to a reproducible extent* In the past, it has been 
difficult to assess the nature of contamination at surfaces. The 
recent development of low energy electron diffraction techniques has 
proved to be very useful in this respect. A further reason is that 
few workers are equally interested in crystal physics and chemical 
processes which occur at surfaces.
It is generally found that short exposure of the surface of a
solid to contaminant substances, especially oxygen in the case of
7
metals, markedly alters the nature of the surface. Grunberg has 
shown that spontaneous emission of electrons occurs when chemisorption 
takes place at the freshly abraded surface of a metal. This 
phenomenon, v/hich was practically unknown before 1950, has been 
termed * exo-electron emission*.
It is observed that emission decays as surface properties change during 
aging while in contact with the adsorbing gas. It is therefore not 
surprising that the detailed experimental results of surface reactivities 
by earlier workers , were often contradictory and sometimes 
irreproducible. A further factor to be considered is that faster 
chemical reaction rates are only observed at surfaces if the rate 
limiting step is activation controlled. If a solid reacts with 
another phase, the rate may be controlled by diffusion in the other 
phase, in this case, residual strain may have little influence on 
reaction rate.
When a strained metal is immersed in a solution of its own ions, 
there is generally an observed shift of the electrode potential in
the negative direction from the reversible electrode potential which
o
is obtained with a strain-free metal. Schmid and Boas have listed
the directions of changes of emf for a number of cold worked metals
which shows that the cold worked state is generally less noble than
the annealed state. With cold worked copper, small steady emf changes
9 10in the negative direction have been observed,* these being of the 
order of a few millivolts. Measurements of emf change have been 
used to evaluate the stored strain energy in cold worked copper.
With many other metals, changes of emf resulting from strain have 
been observed to change relatively quickly with time, in some cases 
the emf attained the equilibrium value on prolonged standing in the 
electrolyte solution.
It has also been observed that mechanical deformation increases 
the rates of corrosion of metals and alloys. Although there are some 
exceptions in particular cases of corrosion, the generally accepted 
view is that corrosion takes place at dislocation sites on the surface.
Increasing the number of dislocations by cold working therefore leads 
to increased rates of corrosion. The alternative view, presented in 
this thesis, is to consider that increase in the free energy of a 
strained solid lowers the activation energy for the dissolution process. 
Experiments showing the effect of strain on corrosion rates are usually 
found to be reasonably consistent. This is because under steady 
state conditions, the corroding surface of a metal may contain a fixed 
concentration of adsorbed species.
One of the main criticisms of previous work on electrode potential 
and corrosion measurements is that little attempt has been made to 
relate quantitative changes of chemical properties with quantitative 
measurements of the lattice defects produced by the plastic deformation. 
In most cases, the changes in properties have been related to the degree 
of deformation, or to the annealing temperature in a qualitative or 
semiquantitative manner. Lack of information about the precise 
physical condition of the electrodes may have accounted for many of 
the inconsistencies observed by previous workers.
Mechanical deformation has been shown to result in enhanced rates
11of sintering in powdered aluminium oxide. The degree of sintering 
at a given temperature was observed to be related to the residual 
strain energy. The driving energy for sintering was considered to be 
the excess free energy which resulted from the residual strain energy. 
Since sintering is essentially a surface phenomenon, it would be of 
interest to determine whether changes of surface free energy occur in 
cold worked aluminium oxide.
Experiments carried out by a number of workers"'2 ^  have shown 
that catalytic activity can be induced into metal surfaces by cold 
working. In a number of cases, the specific catalytic activity per
unit surface area was shown to fall off rapidly during annealing.
As a result, it has been suggested that catalytic activity may be
attributed to the presence of surface defects, such as emergent
dislocations, which behave as active sites for catalytic reactions.
17In support of this, it has been observed that the specific activity
of a supported nickel catalyst increased as the specific surface area
increased. The inference was that the number of active sites per
unit surface area increased as the crystallite size decreased.
X-ray line broadening studies have been carried out on iron catalysts
18
of relatively low activities, and also on Raney nickel which had
19been heat treated at high temperatures. In both cases, high 
microstrain concentrations and stacking fault probabilities were found. 
These were observed to be inversely related to the crystallite size.
However, as with the electrochemical studies, conflicting results 
have been reported for studies of catalysed reactions, and at the 
present time the nature and function of active sites in highly active 
technical catalysts is still a matter of controversy. Much of the 
previous work has been of a qualitative nature since quantitative 
evaluations of defect structure have not been made in cases of 
technically useful catalysts. This is because such catalysts are 
generally obtained in the form of finely divided powders. Although 
crystallite sizes have been determined by use of the Scherrer formula, 
and BET surface areas have been measured, evaluations of microstrains 
and faultings have not been made. An advantage of the X-ray method 
is that it enables measurement of microstrains and faultings in addition 
to crystallite size; no elaborate methods of specimen preparation are 
required and the specimen is not physically altered during examination.
In the present work, it was initially decided to attempt to
quantitatively relate changes of surface chemical properties with
changes of defect concentrations in cold worked metals, as measured by
X-ray diffraction line broadening. The surface properties selected
for study were electrode potential measurements and rates of
electrochemical corrosion and deposition. Electrode potential
measurements were selected since previous workers had qualitatively
established that there was a relationship between defect concentration
9 20 21and electrode potential.* * Electrode potential measurements also 
enable evaluation of the change of free energy resulting from residual 
strain energy. It was thought that it would be interesting to 
compare residual strain energy, obtained by X-ray diffraction line 
broadening, with free energy change, obtained electrochemically.
Electrochemical studies of corrosion rates were chosen because 
quantitative measurements of reaction rates are most easily obtained 
by these means. It was considered that quantitative measurements of 
exchange current densities of cold worked metals could be related to 
the defect structures, as obtained by X-ray diffraction.
Measurements of the exchange current densities are related to the 
activation energy for the electrode exchange reaction. It was thought 
that a connection should exist between the surface free energy, 
obtained via electrode potential measurements, and the exchange 
current density.
For electrode potential studies, copper was selected. The 
metal is relatively noble, and previous workers had already observed 
that cold working gave rise to small permanent changes of emf of the 
order of a few millivolts. Measurements of emf were also attempted on 
nickel„ fcui these were unsuccessful since the emf was observed to
change with time. This had been previously observed by earlier
20,22
workers.
Initial studies on copper were carried out on cold drawn wire 
specimens since this was the form of the material which had previously- 
been studied. The work was extended to ball-milled copper powder in 
order to overcome possible effects of preferred orientation in the wire 
specimens. Further experiments were also carried out to measure emf 
changes in ball-milled aluminium oxide powder.
Studies of rates of anodic corrosion and cathodic deposition 
were carried out on the cold drawn copper wires and ball-milled copper 
powder described above. Measurements were made of electrode processes 
for cold worked nickel wires, which had been partially annealed for 
short periods at the recovery temperature. Exchange current densities 
were related to the residual microstrains obtained by X-ray diffraction.
For the studies of catalysts, Raney copper and Raney nickel 
powders were selected, partly because these metals had been studied 
for the first part of the thesis, and also because the catalysts are 
simple unsupported metals. In addition, the catalysts are important 
from the technical point of view, and it is also known that specimens 
of different catalytic activities may be obtained by varying the method 
of preparation. Unfortunately, it was not possible to measure rates 
of catalysed reactions since suitable hydrogenation apparatus was not 
available. However, the object of the work was to extend X-ray 
diffraction measurements of defect concentrations in plastically 
deformed powder specimens, to the evaluation of defects in highly 
active catalyst powders. It was thought that if X-ray line broadening 
analysis could be used to evaluate defect concentrations in 
technically useful catalysts it might be possible to relate both the 
catalytic activity and also the stability of the catalysts to defect 
concentration.
An initial survey of commercially available Raney nickel catalysts 
was made, together with X-ray examination of aged and heat treated 
specimens of catalyst. Electron microscopy and diffraction studies 
were made in order to verify the X-ray line broadening results.
Following this, Raney nickel and Raney copper catalysts were prepared 
by treatment of Raney alloy under various conditions and the defect 
structures determined by X-ray analysis. The Raney nickel catalysts 
were standard specimens, of approximately known activities, and the 
activities were related to the defect concentrations in the catalysts. 
The stability of highly active Raney nickel was determined by aging 
the catalyst at room temperature and measuring the defect concentrations 
at various intervals of time. Examination of platinum catalysts, 
prepared by various methods was also carried out.
CHAPTER 1
THE EFFECT OF COLD WORKING ON THE ELECTRODE POTENTIAL 
OF COPPER WIRE AND COPPER POWDER
INTRODUCTION
There are many reports to be found in the literature concerning 
the effects of mechanical deformation on the electrode potentials of 
metals.^’ " 22,25 - 29• However, the changes of electrode
potential in strained electrodes, obtained by previous workers, have 
been inconsistent and irreproducible. Lack of inf ormation about the 
precise physical state of the electrodes may account for many of the 
observed inconsistencies.
Despite these inconsistencies, it is generally considered that
residual strains in cold worked metals result in small changes of the
8electrode potential. Schmid and Boas have listed the directions of
changes of emfs which occur for a number of cold worked metals which
shows that the cold worked electrode is usually less noble than the
annealed electrode. The effects of strain in solid reference electrodes
23have also been considered by Ives and Oanz, who recommend the removal 
of residual strain by careful annealing. These authors also suggest that 
careful electropolishing should be carried out in order to remove atypical 
surface layers.
Although the effects of residual strains are generally recognised*
■ 2k
little quantitative work has been carried out in this field. T.P. Hoar, 
in his Eighth Hothersall Memorial Lecture, has stated, "another 
longer-range problem, that certainly involves nickel as one of the most 
important particular cases, is the relation of metal micro- and
submicro-structure to metal electrochemistry; there are very few 
investigators equally interested in metal physics and electrochemistry, 
and this area has been much neglected1’.
Work has been carried out to show the effect of stress within
,, n , . - . , . .. n26,28 In this case, the emfthe elastic region on electrode potential* f• \
of the metal was measured while the specimen was under tension or 
compression, the change in the emf being mainly due to macrostrain.
The emf changes obtained were very small, usually less than 1 millivolt 
on removing the applied stress, the emf changed back to its original 
value.
Small changes of the electrode potentials of metals, measured 
with and without current flowing, have been obtained for metal 
electrodes which were subjected to plastic deformation. The emf 
changes were usually of the order of a few millivolts and in some cases 
the changes were transient, whereas in other cases the changes were 
more permanent.
This effect is considered to be due to the residual microstrain 
energy, which results from the plastic deformation. Many of the 
investigations have been carried out on iron and steel, and also on 
nickel. This is due to their great technological importance.
Two recent experiments have been carried out to show the effect
of plastic deformation on the electrode potential of copper. In the
10experiments carried out by Windfeldt, copper wire was plastically
deformed under copper sulphate solution. This was found to give rise
to a small permanent shift of the electrode potential in the negative
direction. The emf change, which remained constant with time, was
slightly less than 2 millivolts. It has also been shown by 
9Rais et al;f that cold working of copper plates in a mechanical press
gave rise to a shift of emf in the negative direction. A relationship 
was shown to exist between the shift of emf and the degree of cold 
working. Values of stored energy were calculated from the change in 
the emf, the maximum change in the emf was observed to be 2,5 millivolts.
The main criticism of previous work is that in all the observations 
only a qualitative relationship has been shown between the electrode 
potential shift and the extent of cold working. There appears to 
have been no attempt to relate the change of emf with the lattice 
disturbances produced by the cold working.
Calculations of the expected change of electrode potential for 
cold worked copper, based on the known data for the residual strain 
energy, predict emf shifts of only approximately 0.3 millivolts.
The fact that the observed shifts of emf for copper wire and sheet are 
considerably larger than the calculated value, appears to require 
some explanation.
The first experiments were carried out on copper wires, since 
this was the form of the material which had been studied by earlier 
workers. Later, experiments were carried out on copper powder in 
order to eliminate the possible effects of preferred orientation.
In addition, because higher strains can be induced into powders by 
ball-milling, it was thought that this might lead to larger changes of 
the electrode potential.
THEORY
When a metal is cold worked some of the energy used in the 
deformation process remains stored in the crystals* This energy is 
derived mainly from the residual strains, which result from the 
introduction of dislocations into the structure when plastic 
deformation occurs*
k
The strain energy increases the free energy of the solid. As a 
result, the electrode potential of a strained metal, immersed in a 
solution of its own ions, should be slightly negative relative to the 
electrode potential of the strain-free metal*
The change in the free energy due to the residual strain energy 
may be discussed by referring to free energy cycles for the annealed 
electrode, which is in a thermodynamically stable state, and the cold 
worked electrode, which is in a thermodynamically metastable condition*
(a) Annealed metal (strain-free).
M (gas) •
+1;
+ AGsubl
M(strain-free)
M*+ (gas)
“ AGMZ+ (aq.)
+ /*'
Mz+ (aq.)
se“ (gas)
ze“ (M)
Where AG6U]3i *lie standard free energy of sublimation of the 
metal to gaseous metal atoms*
Iz is the ionisation energy for conversion of gaseous
metal to metal ions.
7*° is the standard free energy change for the electrode
reaction.
is the standard free energy of solvation of the 
metal ions in solution* 
zed?e is the electronic work function for the theoretical
process of transfer of electrons from the electron 
gas to the metal* The work function is here 
written with a positive sign since the metal 
increases in energy when charging up.
(b) Cold worked metal (strained)*
+ ze~ (gas)
+ ze<J>'e
+ ze“ (M)
Where AG ^ increase in free energy of the metal
due to residual strain*
AM is the increase in chemical potential for the
electrode reaction.
On summing the two cycles and subtracting,it is seen that
A m + ze (<£‘ - *  )
© ©
In a cell, the measured emf between two electrodes is independent
of the difference in the work functions of the two metals involved.
Therefore the change in the electrode potential measures directly the 
change of free energy resulting from the cold working.
The term A®strain a ,t^ermo^ynamic function of the total volume 
of the solid phase. Consequently, the value of AM must also
^strain ~
M(gas)
+1.
► M z+ (gas)
+(AGsubl “r AGstrain ^
M(strained)
+ (m + A m )
" AV + (aq,)
MZ+ (aq.)
x c jk c j.  i/vj u i ic  uuocljl v u x u j i ic  U i  m e  b u x x u *  JL"G 1 5  U S U a X -L y  a S S U m e d "
that the free energy and strain energy may be equated directly, since 
the entropy change resulting from plastic deformation is small when 
compared with the increase in the internal energy (the residual strain 
energy).
It is proposed in this thesis that the residual strain energy 
in the surface layers of the solid is proportional to the total 
strain energy in the solid. As a result, the change in the surface 
free energy (and hence the change in the electrode potential) will 
also be directly related to the total strain energy.
i.e. AE oC AGstrain
Where AE is the electrode potential difference between the 
cold worked and the annealed metal electrode.
Cold worked copper is in a metastable condition relative to 
the annealed state. As a consequence, two processes may occur 
when the strained metal reacts as an electrode in a solution of its 
own ions.
(a) Residual strains may decrease with time due to annealing 
processes which may occur in the metal. The rates of these processes 
depend on the temperature of the metal. At temperatures well
below the recrystallisation temperature, the rate of strain relief 
is extremely slow.
(b) Operation of the exchange reaction, M ^ MZ+ + ze”, 
at the electrode surface, may remove metal atoms from reactive sites 
and redeposit the metal at stable sites.
Both processes will reduce the magnitude of the relative emf 
with time. The estimation of the surface free energy change 
resulting from cold working, will only be accurate if these processes
—- — v — -w vti v uv>nd.xi^jCt> ox T/I16 emi occur duping i/li6
time of the experimental measurements#
With regard to (a) above; at low temperatures, the rate of 
annealing of copper is extremely slow. The results obtained by
31
Decker and Harker indicate that 99*999% copper requires approximately 
5000 hours for recrystallisation at 25 °C. Although the metal is 
in a metastable state, the rate of transformation is so slow, that for 
practical purposes the microstrain may be assumed to be constant 
during the period of time required for the emf measurements. Similarly, 
99*95% copper wire would be expected to take even longer for strain 
relief, since the recrystallisation temperature for this material is 
higher than that of the high purity copper.
In the case of copper, the experimental evidence presented in 
this chapter, indicates that the operation of the exchange reaction 
brings about only a relatively slow change of the electrode potential 
towards the thermodynamically equilibrium value at 25 °C. As a result, 
the electrode may be considered to be in a state of quasi-equilibrium, 
and the electrode potentials resulting from strain in copper electrodes 
are thus found to be reproducible.
In addition, for an electrode to be thermodynamically well
23behaved, the exchange current density must be relatively large. If
the exchange current falls too low, for example by decreasing the
z+concentration of M ions in the solution, the electrode may no 
longer attain its proper exchange equilibrium (or quasi-equilibrium) 
potential. Under these circumstances, alternative electrode processes 
may become more important. In this case, transient changes, or 
reversals of the emf may be observed.
The choice of copper for electrode studies, was made because 
its exchange current density in copper sulphate solution is relatively
large. In addition, copper is also relatively noble, so the formation
of oxide film does not readily occur. The evidence from the 
earlier workers indicated that the emf due to residual strain, did 
not change very quickly with time, when the metal was immersed in 
acidified copper sulphate solution.
In contrast, nickel and iron electrodes generally show
2?
transient changes of electrode potential. In these cases, other 
concurrent electrode processes may compete with the metal exchange 
reaction since it has been shown that the exchange current densities 
of these two metals are quite low. Similar behaviour has been
found with vacuum deposited thin film silver of small crystallite
20
size. In this case, the negative emf relative to the annealed metal 
changed to the reversible value on standing for 30 minutes in silver 
nitrate solution.
.LITERATURE SURVEY
Changes of emf brought about by strain
It is well known that straining a metal can greatly increase its 
corrosion rate; the strained metal acts as a more reactive material 
than the annealed metal. However, many experimenters have observed 
that the electrode potential, as commonly measured, does not always 
show a shift in the negative direction when the metal is strained•
The potential change is often small, sometimes irregular, and may 
even occur in the. positive direction,
A number of commentators have argued that the strain energy 
left in a metal after deformation is so small that negligible change 
of the emf would be expected. However, experimental measurements of 
residual strains in metals have shown that the stored strain energy 
may produce emf changes of the order of a few millivolts.
In some cases, shift of the electrode potential occurs in the 
negative direction, even when the strain is confined to the elastic' 
range. In the case of aluminium alloys, Farmery and Evans2 constructed 
a differential stress cell for measuring the effect of an applied 
stress on the electrode potential.
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In 19^7» Evans and Simnad, measured the potential of a given 
point on an iron wire bent into the form of a bow. The point to be 
studied was in contact with a strip of filter paper, kept wet with 
0.1N potassium chloride solution, and this led to.a calomel electrode. 
The two ends of the wire were held in bearings, and it was possible 
to rotate the wire through 1800 when desired. It was found that emfs 
measured oh the convex side were shifted in the cathodic direction, 
whereas emfs measured on the concave side were shifted in the anodic 
direction. It was concluded that strain due to tension caused the 
anodic shift and strain in compression caused the cathodic shift.
nowever, ix is noxaoie m a t  tne electrode potentials observed 
above are for irreversible electrode reactions. It is considered 
that distinction must be drawn between irreversible and reversible 
or quasi-reversible conditions. When the aqueous phase contains 
ions of the metal in appreciable concentration, the exchange reaction 
eventually establishes a reversible equilibrium at the electrode 
surface.
26
Fryxell and Nachtrieb in 1952, observed that for silver and 
gold, tested in solutions of their respective salts, tensile stress 
rendered the potential cathodic and a compressional stress caused an 
anodic shift. In this case, it was thought that metal passed into 
solution at one place and redeposited at another place, in such a way 
as to reduce the total surface area. Anodic dissolution was 
considered to take place at the faces, while cathodic deposition 
occurred at the fissures. The tensile stress,which opened the 
fissures, caused the cathodic shift of emf.
In the above work, the emf changes would be largely due to 
macrostrains, since the metals were deformed in the elastic region.
The emf changes disappeared on releasing the stress in the specimens, 
the potentials being usually less than 1 millivolt.
After deformation in the plastic range, emf changes are 
somewhat larger and often transient in nature. In many of the 
previous experiments, the emf changes cannot be related to the normal 
metal exchange process since the solutions often contained 
insufficient metal ion concentration. Much of the work that has been 
carried out has been upon iron and its alloys, this is largely on 
account of their commercial importance.
8
Early studies of Spring, Tamman and Wilson showed that
cold working of tin, lead, cadmium, silver, copper and zinc invariably 
caused an anodic shift in the electrode potential.
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deformation of nickel wire under acid nickel chloride solution, and 
iron wire under hydrochloric acid, caused changes of electrode potential. 
In both cases, transient changes of emf were observed, the emf first 
changed in the negative direction at the time of deformation. On 
ceasing the deformation, the emf changed back towards its original 
value and then became more positive than the original value.
Explanation of these observations may be due to rapid adsorption 
of hydrogen onto the surface of the metals. It is known that both 
nickel and iron have a strong affinity for hydrogen atoms. Since the 
exchange current of each electrode is very low, the adsorption of 
hydrogen ions might therefore be the quickest process to occur at 
the electrodes. In any case, the iron wire could not have established 
the normal metal exchange reaction.
10Similar work carried out by Windfeldt on copper, showed that 
this metal underwent a similar shift of emf in the negative direction 
when plastically deformed under copper sulphate solution. However, no
subsequent rapid change and reversal of the emf occurred. The
solubility of hydrogen in copper is far less than in nickel, also the 
exchange current density of copper in copper sulphate solution is 
quite high. As a result, the exchange reaction may rapidly establish 
quasi-equilibrium.
9The work of Rais, Bromberg and Gugel , has shown that plastic 
deformation of copper by compression in a mechanical press, caused a 
shift in the electrode potential in the negative direction. Emfs were 
measured in copper sulphate solution, and changes of emf were measured 
relative to annealed specimens. They found that the emf increased 
with increasing plastic deformation; at larger deformations, the 
change in emf became relatively smaller and eventually the emf remained 
constant on further deformation, due to the attainment of strain 
saturation. A value of stored energy was calculated from the emf change.
some very interesting results have been obtained by Tragert and 
33Robertson • Single crystals of copper were cut so as to expose faces 
corresponding to different crystal orientations. After grinding and 
electropolishing, the emf of the cell:-
Cu|(chosen face) | GuSO^ | Hg^SO^ | Hg ,
was then measured. The results showed that only the (111) face 
provided a stable value of the reversible electrode potential, which 
remained constant from the first reading. All other^crystal faces 
gave different values of emf initially, which after some hours started 
to move towards the value for the octahedral face. This was not 
however reached within 1? hours. Polycrystalline electrodes 
approached the stable state provided that sufficient time was allowed 
for the establishment of the stable crystallographic faces.
EXPERIMENTAL
Materials
(a) Copper wire
The wire specimens were composed of oxygen free high conductivity 
copper of British standards specification B.S. 1861, (minimum copper 
content 99.95%)« The cold drawn wires were supplied by British 
Insulated Callenders and Cables, Ltd., with a diameter of 0.040n (0.103cm 
The specimens were drawn in such a manner that different degrees of 
cold v/orking were obtained, corresponding to approximately 30%» 60% and 
90% reduction of cross sectional area.
For wires of 30% reduction in area, annealing was performed 
when the wire diameter was 0.0475”. On drawing to 0.04o”, the 
reduction of cross sectional area was 29.1 %• Similarly, for 60% 
reduction of cross sectional area, the annealed wire diameter was 
O.O62”, and the reduction was 58.4%. For the 90% reduction of cross 
sectional area, the metal was rolled to a hexagonal cross section of 
0.130” diameter. Reduction of the annealed metal to 0.04o” corresponds 
to approximately 90% reduction.
In all cases, annealing was carried out at 475 °C in a tube
furnace with a hot zone of 6”, the wire being drawn through at a rate 
u
of 0.5 per minute under an atmosphere of hydrogen and nitrogen.
Annealed specimens of diameter 0.04o” were obtained by annealing 
30% reduction specimens at 400 °0 for 4 hours, in a closed vessel 
under an atmosphere of nitrogen, the specimens were allowed to cool 
to room temperature over a period of 3 hours.
(b) Copper powder
The first trial experiments v/ere carried out on copper powder 
of spectrographic purity , supplied in a bottle with a screw cap, supplied( 
by Johnson and Matthey.!The only impurities that were detected by
spectrographic analysis v/ere:- silicon 3 ppm; iron 3 ppm; silver 1 ppm; 
cadmium, calcium, magnesium and sodium 1 ppm. There was also a 
small amount of oxide observed to be present on the surface, this was 
removed by acid treatment before the electrochemical examination.
Two gram samples were milled in a copper milling pot with a copper 
plated steel ball, the milling times being 1, 5* 15i 60 and 120 minutes.
In later experiments, the copper poWder of spectrographic 
purity was supplied by Johnson and Matthey in sealed ampoules under 
argon. These specimens v/ere annealed at 300 °C for 6 hours, whilst 
still in the glass ampoules supplied by the manufacturer. Ball-milling 
was carried out in the same manner as above, except that the milling 
was done in a glove box in an atmosphere of oxygen-free nitrogen.
The milling times were as follows:- 1, 10, 30, 60, 120 minutes.
The specimens were kept out of contact with air before the electrochemical 
and X-ray examinations. In all cases, the X-ray examination and 
electrochemical examination were carried out within 24 hours of the : 
ball-milling process.
X-ray line broadening analysis
The X-ray diffraction reflections were chart recorded on a 
Philips diffractometer, using nickel filtered copper Kfl radiation.
The specimens were scanned at 1/8 0 per minute in 26. All the 
reflections from the wire specimens were analysed, microstrains and
. . 34crystallite sizes were determined by the method of Wagner and Aqua *
35and also by the Fourier method of Warren and Averbach , on the 
(111), (222); (200) and (400) reflections.
For the powder specimens, the method of Wagner and Aqua was 
used since the results obtained are very similar to those from the 
Fourier method. The multiple order (111), (222), and (200), (400) 
reflections were analysed to determine microstrain and crystallite 
size.
In all cases, residual strain energy was calculated using 
36Faulkner*s method.
Measurement of electrode potentials
(a) Copper wire
The quasi-stationary electrode potentials of the cold worked
wires were measured in 0.1M copper sulphate solution at 25 °C.
The solution was prepared from Analar grade copper sulphate and
■ -6distilled water of conductivity 4.16 x 10~ mhos. The cell was 
constructed as shown in figure 1. The electrolyte solution was 
deaerated by bubbling nitrogen through the solution. Emf measurements 
were made against a normal calomel electrode and also against the 
annealed wire. The specimens were varnished with a polystyrene 
lacquer in order to expose approximately 1 cm of the wire beneath 
the surface of the electrolyte. The specimens were immersed in a 
mixture of concentrated nitric and sulphuric acids, with 5% water, 
in order to remove any surface oxide film and to chemically polish 
the surface. Several immersions were made in order to ensure the 
complete removal of atypical surface layers, since the specimens had 
been stored in air. After rinsing in distilled water and electrolyte 
solution, the specimens were immersed in the cell.
A Tinsley d.c. potentiometer bridge was used to measure the emf 
values; measurements were taken until readings were obtained, which 
did not change significantly over a period of a few hours.
In addition, some electrodes were subjected to mild anodic cleaning 
before measuring the electrode potentials against a calomel electrode.
(b) Copper powder
The first batch of copper powder had been exposed to air.
These samples were first treated with 4N sulphuric acid in order to 
remove any oxide film from the surface. The powder was washed with 
electrolyte solution and loaded into a capillary tube with a pipette, 
the diameter of the capillary tube was 0.11 cm. The powder was 
gently tamped down with a stiff copper wire and it was found that the 
compressed powder could be extruded in the form of a cylindrical 
compact. Before immersion in the cell, nitrogen was passed through 
the capillary and powder compress. A diagram of the cell is shown in 
figure 2. On immersion into the cell, and removal of the nitrogen 
pressure, the electrolyte rose above the top of the compressed powder, 
due to capillary action. Connection was made onto the powder with 
annealed copper wire, coated with polystyrenejso that only the extreme 
end of the wire was exposed. The connection was thus made in the 
capillary tube, under the surface of the electrolyte. This cell was 
also used to measure anodic dissolution rates of copper powder (see 
chapter 2). Before measuring the emfs against a normal calomel 
electrode, the specimens were subjected to a small anodic polarising 
potential, until the current flowing in the cell became steady.
On reaching steady conditions, the applied emf was removed and the 
equilibrium emf of the pov/der was measured.
For the copper powder specimens supplied in ampoules, a new type 
of cell was constructed, in order to measure changes of emf of the cold 
worked electrodes with time. The cell was made of four hard glass 
tubes, which were connected via side arms, see figure 3« Two annealed, 
and two cold worked powders were used in each experiment.
A specimen was placed in each tube and contact was made to each powder 
by means of annealed copper wires, sheathed in polyethylene tubing*
The powders were first immersed in dilute sulphuric acid; transfer of 
powders to the cell was made by means of a pipette.
Measurements of the electrode potentials of the cold worked 
powders were made at 25 °C in 0.1M copper sulphate solution, as prepared 
for the copper wires. Emf measurements were made within Zk hours of 
milling and over periods of approximately 5 hours. In some cases, 
the contact wires were interchanged in order to determine whether the 
interchange altered the emf. It was found that this had no effect 
on the measured emf.
Salt bridge from _ 
calomel electrode
Exposed copper wires
0.1M copper sulphate
Figure 1 Cell for measurement of emfs of copper wires.
N,
Annealed Copper 
Wire coated with 
Polystyrene
Copper Powder 
Compress
Salt bridge from— 
Calomel Electrode
O.IM Copper Sulpha te-
Mercury
i
HI
Figure 2 Cell for measurement of emfs of copper powders*
u
Acidified 0*IM Copper _
Sulphate
Cold worked, 
Powder Annealed
Powder
Annealed
Powder
Figure 5 Cell for measurement of emfs of copper powder and for 
changes of emf with time*
An investigation was also carried out in order to ascertain 
the rate of change of the emf of the cold worked powder electrodes 
with time, when allowed to stand in electrolyte solution. The 
electrolyte solution contained copper sulphate, 0.1 raole/litre; and 
sulphuric acid, 1.0 mole/litre. The solution was deaerated by 
boiling and allowing to cool under an atmosphere of nitrogen. The 
electrolyte solution was then allowed to stand for two weeks in the 
cell in contact with copper powder. This was in order to remove any 
traces of oxygen or other impurities, which might have been present 
due to adsorption on the cell walls. Emf measurements were made at 
intervals over a period of approximately 200 hours. The cell was 
kept at 25 °0 , and the specimens were occasionally shaken. X-ray 
diffraction profiles of the specimens were measured before and after 
immersion in the cell.
RESULTS-AND DISCUSSION
(a) Copper wire 
Electrode potentials
The relative values of the quasi-stationary electrode potentials 
obtained from measurements against the annealed specimens, and also 
against the normal calomel electrode, were in good agreement. The 
electrode potentials of the cold worked wires were in all cases more 
negative than the electrode potentials of the annealed metal.
(p*9^7)
Figure shows the average changes in electrode potential,
relative to that of the annealed wire, and changes in the microstrain,
produced by progressive cold drawing. The actual values of emf are
9
very similar to those obtained by Rais et al., for copper deformed by
10
compression, and by Windfeldt , for drawn copper wire.
Table 1 indicates the emf changes relative to the annealed state 
and also relative to the normal calomel electrode. Values of the 
change of surface free energy are also shown.
X-ray line broadening analysis
The data obtained for the microstrain, crystallite size, and
stored strain energy, is shown in table 2. The residual microstrain
36energy was calculated using Faulkner*s equation.
The value for the microstrain concentration is smaller for the 
Fourier analysis, since it has been averaged out over the effective 
crystallite size ^hkl ^n^^ca^es that the residual strain
energy was calculated using C^kl and E ^ ^  in Faulkner’s equation.
There was also a small change in the lattice parameter produced 
by the deformation, the values of lattice parameters obtained were
3*6153 3*6150 2 and 3.61^6 2, for the annealed, 30%,
60% and 90% reduction specimens. The maximum value for the residual
« .L
macrostrain was 2.2 x 10 . . This was smaller than the microstrain by 
a factor of 10, and therefore the greatest contribution to the electrode 
potential change is due to the microstrain.
Relation between microstrain energy and emf of copper wire electrodes 
and discussion
Values of the stored microstrain energy have been plotted against 
the changes of emf obtained for the cold worked wires. Figure 5 
indicates that a linear relationship exists between the two values. 
However, there is a considerable difference between the microstrain 
energy, and the change of surface free energy which was calculated from 
the electrode potential change. There appear to be several possible 
reasons to explain the above observations.
(1) A number of investigators consider that the value for the 
stored energy obtained by Faulkner’s equation, should be multiplied by 3* 
in order to account for the fact that microstrain is a 3 dimensional 
quantity.
(2) X-ray measurements yield information about the volume or 
bulk strain, and the electrode potential measurements yield information 
on the surface strain. There is no reason to suppose that the two methods 
should necessarily agree within order of magnitude. However, there 
should be a connection between the bulk strain energy and the surface 
chemical potential. It would appear reasonable to expect that the 
surface strain should be linearly related to the volume strain. This 
is proposed in this thesis, the proposal agrees with the experimentally 
observed results.
(3) The microstrain in the cold drawn wires decreases with 
distance from the surface of the wire, due to the nature of the wire 
drawing process. In order to demonstrate this point, wire which 
had been reduced in cross sectional area by 90% was etched in sulphuric 
and nitric acids. On reducing the diameter to k6% of the original
value, X-ray examination indicated that the microstrain C-jQO kad 
decreased from 2.31 x 10 to 1.13 x 10 .
The X-ray diffraction data provide an average strain over a 
considerable depth of specimen, and must therefore give a lower figure 
for the strain energy.
(k) It is also possible that regions of high localised
microstrain in the surface could account for part of the difference.
Barrett has observed that microstrain accumulations near the surface 
of Cold drawn v/ires gave rise to small changes of dimensions and
82,83
strain relief during subsequent corrosion. Howeverj this factor 
should have been accounted for by the repeated chemical polishing 
of the specimens before examination.
(5) Cold drawing of copper wire produces preferred orientation, 
which could result in changes of emf. (c.f. the work of Tragert and 
Robertson). ■ ,
However, although there is preferred orientation along the wire
axis, there is generally random orientation perpendicular to the wire
axis. It is thought therefore that this effect may probably be 
discounted.
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(b) Copper powder
Measurements on copper powder were carried out in order to try 
to overcome the possible effects of preferred orientation, and 
non-uniform strain distribution in the wire specimens.
The results of the first experiments, carried out on copper 
powder which had been exposed to air, are shown in table 3. As in 
the case of the wires, increase in the microstrain resulted in 
changes in the electrode potential in the negative direction.
The main difference between these results and those for the wires is 
that for a fixed microstrain the change in emf was larger for the 
powders than for the wires. In addition, the emf values were more 
scattered in value. It was concluded that small traces of oxygen, 
present during the ball-milling, may have caused oxide to be embedded 
into the copper. This would account for the results being less 
reproducible.
It was concluded from these experiments, that the ball-milling 
of copper powder should be carried out in an inert atmosphere, and 
the powder should at no time come into contact with air.
This procedure was adapted in a second experiment, and 
consistent reproducible values of electrode potentials were obtained 
for the cold worked powders. The values of the emfs agreed with 
those obtained with the wire specimens. The specimens milled in 
the glove box were also used to find the rate of decrease of emf of 
cold worked electrodes with time, on standing in electrolyte solution.
It is thought that preferred orientation is eliminated with the 
powder specimens, the photographs of the as received powder and the 
powder ball-milled for 30 minutes indicate the general effects of the 
ball-milling, ( plates 1 and 2 ).
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Plate 1
Plate 2
Copper powder as received. x 4-00
“I
m
i m w r
0
*
%
4
Copper powder ball-milled 30 minutes. x 4-00
Figure 6 indicates the effect of ball-milling time in the 
integral breadth for the (111), (200), (222) and (4-00) X-ray
n * 2  *  2reflections. The plots of (pc ) versus (d ) were used to determine 
the residual microstrain and crystallite size for each specimen, which 
had been ball-milled under oxygen-free nitrogen.
Figure 7 shows plots of and as a function of the
ball-milling time, it is seen that strain saturation is approached 
after milling for 2 hours.
Figure 8 shows the rate of change of the relative electrode 
potential of three different samples of cold worked powders, two 
being of similar strain energy. It can be seen that the decrease of 
the electrode potential with time is relatively slow.
Figure 9 shows the relationship between the mean microstrain 
energy, calculated from €^0o and ^ 111’ and tlie elec,brode potential 
relative to the annealed copper powder. The surface free energy 
change is also shown. A least squares calculation indicated that 
the line passes through the origin as expected. Values of the 
initial electrode potentials of the cold worked specimens in the 
acidified copper sulphate solution have been included in figure 9*
As expected, the presence of sulphuric acid does not alter the 
relative electrode potential.
Samples of the annealed and cold worked copper powder were 
taken after 200 hours immersion in the copper sulphate solution.
These were placed in dilute sulphuric acid and shaken for 6 hours in 
contact with air, in order to remove surface layers of atoms.
On replacing these powders back into the cell, it was found that the 
relative electrode potentials partially returned to their original 
values. X-ray examination of specimens before and after immersion in
the cell indicated that no change in the total strain energy had 
occurred.
After 2 hours of ball-milling, the lattice parameter of the 
copper changed from 3*6156 8 (annealed), to 3*6175 2 , the maximum 
value of macrostrain being 5*3 x 10, This was approximately 10 times 
smaller than the corresponding microstrain.
Ball-milling was carried out in a different copper milling pot 
using a different ball-mill; the residual microstrains were found to 
be induced into the powder at a different rate. However, the X-ray 
method and the electrochemical method still yielded consistent results 
for the microistrain energy and the change of electrode potential.
Discussion of results for copper powder
The values of the strain energy,obtained by the X-ray method,
and the change of surface free energy show good correlation. 'With
the powders milled under an inert atmosphere, the values of strain
energy and surface energy are not very different. This is due to the
relatively uniform microstrain distribution which is obtained
throughout the volume with ball-milled powders. However, a small
difference exists between the two values, the surface free energy
change being larger than the residual strain energy. One reason for
this is that greater microstrain occurs at the surface of the milled
particles than in the interior. This effect has already been observed
■ 37 'in ball-milled powders,( the microstrain decreasing with increasing 
distance below the surface.
In addition, some macrostrain was produced, although this was 
approximately ten times smaller than the microstrain. The macrostrain
would only account for a small part of the difference in surface
free energy and strain energy, because the strain energy is proportional
to (strain) •
Another reason for the difference is indicated by low energy 
electron diffraction measurements on surfaces. These studies-^® 
indicate that an approximately 3% expansion takes place in the 
spacings of the surface planes of metals, and as a result, the strain 
energy per unit length of a dislocation would be approximately 
10% larger in the surface than in the interior.
The slow rate of decrease of the electrode potential of the
cold worked powders with time, towards the equilibrium value, is in
agreement with the work on single crystals by Tragert and Robertson^. 
The result suggests that the exchange process at the electrode 
surface occurs by an epitaxial mechanism, in which dissolution and 
deposition takes place to and from the strained surface, so as to 
maintain the state of strain for a considerable time. It would 
appear likely that the strained locations gradually become less 
active, due to the slow deposition of atoms in a relatively 
unstrained state. This could occur either by deposition of atoms 
onto unstrained regions around the active sites in such a manner 
that the strained regions become gradually shielded. Alternatively, 
the other possibility is that development of the thermodynamically 
stable (111) faces may take place.
An argument in favour of epitaxial exchange may be derived 
from consideration of the magnitude of the exchange current density 
of copper in copper sulphate solution. In 0.1M copper sulphate
_ Ll p
solution, the exchange current density is approximately 10 amp/cm .
15On this basis, it would only take a few seconds for 10 ^ atoms to 
exchange. Hence, moBt of the surface atoms should have exchanged 
many times during the time of the experimental measurements.
Since the electrode potential and residual strain change only- 
very slowly with time, a state of quasi-equilibrium is preserved at 
the metal-solution interface. Hence, reversible thermodynamics may 
be applied to the system. As a result, the emf measurements may 
be used to obtain reliable values for the changes of surface free 
energy which result from ball-milling.
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CONCLUSIONS
The changes of the electrode potential of cold worked copper 
electrodes were related to the "degree of cold working" by earlier 
workers. The experimental work presented in this chapter indicates 
that the change of electrode potential results from the change of 
surface free energy which arises from plastic deformation.
The proposal that the change of surface free energy is 
proportional to the residual microstrain energy, has been used to 
explain the experimental results.
The persistence of the emf change for a long period, while the 
electrode is in contact with a solution of its own ions, indicates 
that the exchange reaction occurs by an epitaxial mechanism in which 
the state of strain is preserved at the surface for a considerable 
time.
The values of the measured emfs agree very well with the values
obtained by other workers, as do the X-ray strain measurements-^.
It is suggested that reproducible electrode potential values are only
obtained if the exchange current density is relatively large. The
—11 2values of exchange current density for iron (~10 amp/cm ) and 
—9 2nickel (~10 amp/cm ) gave rise to other electrode processes and
transient changes of electrode potential, when these metals were
—4 2.
cold worked. The exchange current density of copper (~10 amp/cm ), 
however, enabled a quasi-equilibrium to be established at the 
electrode surface.
Many solids exist in a raetastable state, since the rate of 
conversion to the stable form may be extremely slow at room 
temperature. In most cases, the raicrostrain is small, and hence the 
value of AGg>t.ra^n will also be small. This is so when crystallite 
size is greater than *v1 0 2.
However, strain energy is of considerable magnitude in many 
cold worked solids. Large residual strains have also been observed 
by the author and others in chemically prepared powders, in 
electrodeposited metals, in martensitic systems and in systems in 
which phase transformations occur. In all these cases, metastable 
phases occur, and as a result, the chemical potential of the system 
may be significantly raised.
As a consequence, in defining the standard state for solids, 
due regard should be taken of strain and composition contributions to 
the free energy. The author considers that the standard state of 
a solid should be defined for the thermodynamically stable phase, in 
the annealed condition^in which strain and crystallite size effects 
are negligibly small.
CHAPTER 2
THE EFFECT OF COLD WORKING ON THE REACTION RATES OF COPPER
AND NICKEL UNDER ANODIC AND CATHODIC POLARISATION CONDITIONS
INTRODUCTION
A considerable number of experiments have been carried out 
which show that when metals are plastically deformed, their corrosion 
rates are generally increased. The increases are usually attributed 
to the presence of residual strains which are associated with the
. 4odislocations resulting from the deformation.
However, as with electrode potential measurements, the relation­
ships observed between corrosion velocity and residual strain, are 
also somewhat inconsistent. The inconsistencies are at least 
partly due to lack of knowledge about the physical state of the metal.
Much of the interest in the corrosion field has been concentrated
Ii4!
upon iron and steel. Thus, Endo found an increase in the corrosion 
rate of iron in dilute sulphuric acid after tension or torsion.
The increase was small for low carbon steel, but increased with 
increasing carbon content.
In addition to changes of surface reactivity, the bulk mechanical 
properties of metals can also be markedly affected by strain, 
particularly if the metal is exposed to a corrosive environment. 
Stress-corrosion cracking, corrosion fatigue and hydrogen embrittlement 
are three well documented forms of mechano-cheraical corrosion. Stress-
corrosion cracking results from the combined action of stress and a 
corrosive environment on a metal, it is usually manifest by a drastic 
reduction of strength, together with reduced ductility.
Corrosion fatigue is a similar phenomenon, which occurs under cyclic 
stress conditions in a corrosive environment. Hydrogen embrittlement 
is particularly marked in metals such as iron and nickel, which form 
stable hydrides, and this may be encountered with electroplated metals.
Thus for example, it has been observed that when hydrogen is 
cathodically discharged on group 8 transition metals, hydrogen may 
enter the metal and cause hydrogen embrittlement. In the case of 
iron, it has been shown that this effect more readily occurs on the 
cold worked metal substrate, than on the annealed material. The 
observations have been explained on the basis that hydrogen discharge 
occurs preferentially at dislocations, and the diffusion rate of 
hydrogen is probably faster in the cold worked metal.
In 1956, Vernon estimated the annual cost of corrosion in the
bzUnited Kingdom • The estimate was based on the cost of preventive 
measures, and losses due to deterioration of equipment in specific 
major industries and public services. The final figure was £600 million 
per annum. A more recent estimate,by the Committee on Corrosion and 
Protection, put the cost at not less than £1365 million per annum in
if3
1970. Thus, the effect of residual stresses on corrosion
velocity is of considerable technological and economic interest.
In the past, the tendency has been to qualitatively relate 
rates of corrosion with cold working, or with degree of cold working, 
no quantitative account being taken of lattice defects. However, it 
is well known that dissolution and growth of crystalline materials 
occurs at atomic steps on the surface, it is also known that the 
number of steps per unit area of surface is increased by cold working.
2f0
In a recent review by Scully, the effect of emergent dislocations 
on the reactivity of metal surfaces has been discussed. The enhanced 
reactivity of an emergent dislocation at a metal surface arises from
the easier removal of atoms, since they are bound less strongly in 
this region.
A complicating factor is that impurities may segregate at such 
faults, and these may either speed up corrosion or slow it down. 
Impurities may be present either in the solid, or they may come from 
the corroding environment/^ the actual state of the corroding surface 
is therefore very sensitive to both factors. The effects of 
impurities are often difficult to assess and may also account for 
many of the observed inconsistencies and lack of experimental 
reproducibility. Thus, in corrosion experiments carried out in 
aqueous acid solutions, it is known that the emergent dislocations 
may provide anodic sites. However, the effects of cold working may 
be obscured by side reactions, such as discharge of hydrogen, which 
occurs readily in acid solutions.
A number of investigators have studied rates of corrosion and 
deposition by determining anodic and cathodic polarisation curves, 
which show the variation of current density with polarising potential. 
Polarisation curves have been measured for a number of metals in 
various electrolyte solutions, and the shapes of these yield 
interesting information about the nature of electrode reactions.
Considerable work of this nature has been carried out on cold 
worked iron and steel. This work generally indicates that plastic 
deformation increases the corrosion rates of these metals, the increase 
becoming more pronounced with increasing deformation.
However, zone refined iron of high purity, has been shown to 
corrode at the same rate whether cold worked or annealed. Only with 
impurities present could the corrosion rate of iron be increased by 
cold working.
One of the most interesting reports, which relates to the 
present studies, is that of Hoar and Notmamr- on the anodic 
dissolution of nickel wire. Cold working was shown to increase 
the anodic corrosion rate, but the slope of the Tafel curve was not 
altered.
k1* k5Devanathan and Fernando ’, have shown that by plastically 
deforming a copper electrode, while under an anodic polarising 
potential, the dissolution rate was increased. In addition, it was 
shown that under a cathodic polarising potential, plastic deformation 
also resulted in increased current density. Although the experimental 
observations were made tinder • of varying strain, which
were unknown, the results clear lysJ»«W*4.that strain markedly alt end the 
rates of the electrode processes in the case of copper.
Quantitative studies of corrosion and deposition may be best 
obtained electrochemically. The object of the work presented in 
this chapter, was to attempt to quantitatively relate corrosion rates, 
with the quantitative measurements of the defect structures of 
strained electrodes, as measured by X-ray diffraction line broadening.
It was therefore decided to measure anodic polarisation curves to 
assess corrosion velocities.
Initially, the copper specimens which had been used for the 
electrode potential measurements were chosen. This was because the 
standard electrode potential of copper is below hydrogen, and the 
metal is therefore not subject to hydrogen discharge during dissolution 
in acid solution. The work on anodic dissolution was extended to 
a study of cathodic deposition onto cold worked wires, and to the 
study of the corrosion rates of ball-milled copper powders.
Following this, a study was made of the effect of residual
strains on the electrode kinetic behaviour of nickel wires in 
nickel sulphate and nickel chloride solutions*
As a result of this work, an extension to standard electrochemical 
theory has been proposed which relates change of exchange current 
density with change of surface free energy. The exchange current 
density has also been related to the residual strain energy in this 
theory.
THEORY
THE EXCHANGE-CURRENT DENSITY AND THE TAFEL RELATIONSHIP
In many studies of electrode processes, the experimental data 
obtained for the kinetics, appear to conform to the Tafel relationship 
over a considerable range of current and Overpotential. The Tafel 
law has been observed for both anodic and cathodic electrode processes.
The exchange current density
For an electrode at equilibrium with an aqueous solution of 
its own ions, two equal and opposite exchange reactions are set 
upt-
M MZ+ + ze~.
The rate of the exchange reaction determines the magnitude of 
the exchange current density (iQ), which may be defined for an 
isolated electrode at equilibrium. It is also reasonable to assume 
that an electrode under conditions of electrochemical equilibrium, 
will exhibit the same exchange current that it would in isolation.
It follows that, for any given electrode at electrochemical 
equilibrium in a cell, the exchange current density is determined 
only by the properties of the electrode itself, and the solution in 
which it is immersed, the nature of the other electrode system 
being immaterial.
The effective number of gram atoms/cm of metal ions available 
for dissolution at the surface should be increased when a metal 
electrode is subjected to cold'working, or any other process which 
increases the dislocation density.
Thus, plastic deformation should produce an increase in the 
exchange current density of an electrode.
Anodic and cathodic polarisation curves of metal electrodes
An anodic applied emf vs. current curve may be obtained if 
the anode is small and the cathode large. The applied emf results 
in polarising the anode, the large cathode remaining virtually 
non polarised. Similarly, if the cathode is small and the anode 
relatively large, the applied emf results in polarising the cathode.
Thus, for example, the anodic current vs. emf curve may be 
obtained for copper, Using a small copper anode and a large pool of 
mercury as cathode. With the mercury cathodic, no contamination of 
the electrolyte solution occurs.
If both anodic and cathodic current/emf curves are required, 
a relatively large copper sheet must be substituted in place of the 
mercury in order to prevent the solution becoming contaminated.
The extent of the polarisation of the small electrode is 
given by the overpotential, which is a function of the emf applied 
to the polarographic cell. Thus, with an external emf Yj-appii©d 
the cell, the extent of the anodic polarisation is given by the 
overpotential
The relationship between the applied emf and the anodic 
overpotential is given by the expression:-
^applied = 'la + IR + "Ic ....•..•(1)
Where I = total current flowing in the cell.
R = the resistance of the cell.
= the anodic overpotential.\a 
'Ic
^applied. = the total potential difference across the cell,
Y^c = the cathodic overpotential.
If Y^c is approximately constant, (since the cathode is large 
and the cathodic current density small).
Then A a  = A  applied " IR " A.c ........(2)
It is therefore possible to study anodic dissolution, as 
measured by the anodic current density, either with reference to 
the emf applied to the polarographic cell, or to the anodic 
overpotential calculated by equation (2). The calculated anodic 
overpotential may be obtained on the assumption that the resistance 
of the cell remains constant when current flows in the cell.
Alternatively, Y\_a may be measured against a reference 
electrode, such as a calomel electrode. In this case, the Luggin 
capillary from the calomel electrode, must be placed as close as 
possible to the test electrode, in order to minimise the effect of 
the IR drop in the solution.
YVC
A similar argument may be applied to the cathodic overpotential 
, when the applied emf is in the opposite direction.
Anodic dissolution
With the anodic overpotential ^  a applied, a net anodic
will flow; ia. *
by the relationship
dissolution current., i this is related to the overpotential
-(1-/3 ) zF w a
i& = iQ(exp RT - exp RT | •.....•(3)
Where iQ = the exchange current density.
z = the number of electrons involved in the reaction.
F = the Faraday.
R = the gas constant.
T = the absolute temperature.
(} = a symmetry factor (approximately 0.5)*
For values of z yj a ^* 0.03 volt, equation (3) approximates to:-
/  PzFn a\
i& = ilexp RT I .......... (4-)
On taking logs, the Tafel relationship between current density 
and overpotential is obtained. A plot of log i against overpotential, 
should therefore give a straight line in the range of z n-i> 0.03 volt, 
The intercept of the Tafel plot gives the value of the exchange 
current density, and the slope gives p .
Since iQ is dependent on the’active site* concentration or 
dislocation density, its value should increase when the electrode has 
been subjected to cold work.
A similar argument may be made for the cathodic polarisation 
current curve.
LITERATURE SURVEY
It is well established that dislocations which emerge at 
surfaces, provide sites for crystal growth and dissolution. At 
these sites, rates of growth or dissolution are far greater than . 
the rates at perfect planes.
. k6
Kaischev and Budevski showed by electrodic studies of 
silver electrodes, that deposition onto dislocation free planest 
occurred by a two dimensional nucleation process, which could only 
take place at a relatively large cathodic overpotential. When 
deposition occurred, the overpotential dropped until a monolayer 
had deposited, the overpotential then rose again in order to
nucleate a new layer. In the presence of screw dislocations
emerging at the surface, growth proceeded without necessitating 
two dimensional nucleation. A very low steady cathodic overpotential 
resulted in a steady rate of crystal growth.
The importance of surface dislocations in determining the 
reactivity of surfaces has been shown by observations on whiskersf^*^ 
which have extremely perfect surfaces. It has been demonstrated-^ 
that electrolytic growth or dissolution at the surfaces of copper 
whiskers requires abnormally high overpotentials. This illustrates 
that both processes depend on the presence of dislocations.
The role of crystal imperfections on the chemical reactivity 
of copper surfaces has been discussed by Young and Hulett^ • These
authors have suggested that the strain energy in the vicinity of a
dislocation is responsible for enhanceddissolution rates which are 
observed under various conditions.
In aqueous solutions, a metal has a thermodynamically stable 
reactive surface over a narrow range of pH and electrode potential, 
as indicated on the relevant Pourbaix diagram • Attack on metals 
may be very rapid in this pH range, which generally occurs in acid 
solutions.
The rates of corrosion of cold worked electrodes have been 
investigated under the conditions above, in order to determine the 
effects of residual strains. Considerable work has been carried out 
on iron and steel, with conflicting conclusions.
One of the reasons which may be responsible for the conflicting 
results is because many of the corrosion measurements have been 
carried out in strongly acid solutions. Under these conditions, 
the hydrogen discharge reaction may be rate controlling. Hydrogen 
discharge is very sensitive to the presence of impurities; work by 
Foroulis a n d  U h l i g ^  has indicated that cold working has relatively 
little effect on the corrosion rate of iron in acid solutions,unless 
impurities are present.
Bockriss, Enyo and Mattsson^*^studied the electrodeposition 
add dissolution of copper in aqueous solution. Copper surfaces were 
prepared by electrodeposition and by melting under Helium. It was 
observed that the electrode processes observed Tafel like behaviour. 
However, the electrodeposited surfaces gave rise to simpler behaviour 
than the melt prepared surfaces. The helium prepared electrodes 
exhibited a lack of equilibrium behaviour in the vicinity of the
normally accepted reversible potential. This was observed to disappear 
if the electrode was left in the solution for some hours before 
measuring the anodic and cathodic polarisation curves. The results 
were interpreted as being due to differences in surface structures.
Experiments have been carried out by Evans and Simnad, to 
show the effects of stress on the electrode potential and corrosion 
rates of iron and steel in acid solutions. In this case, the 
dissolution of iron greatly increased with an applied alternating
P7
stress within the elastic range. Further work by Evans and Simnad, 
showed that under acid conditions, where no oxide film existed on the 
surface, the unpolarised potential of cold worked iron was anodic in 
relation to annealed iron. In this work it was shown that the rate of 
electrochemical dissolution of iron and steel was increased by cold 
rolling. Both oxygen-free and oxygen saturated 0.1N hydrochloric 
acid solutions were used as corroding media.
In contrast to the above work, Foroulis-^ showed that cold 
rolling had no effect on the Tafel parameters of iron when subjected 
to anodic dissolution in deaerated solutions of hydrochloric, sulphuric 
and perchloric acids.
■ ^9Foroulis and Uhlig* in another paper, showed that zone refined 
iron corroded at the same rate in 0.12N hydrochloric acid, whether 
cold worked or annealed. With iron containing 0.007-0.15 % carbon, 
cold working increased corrosion rate, the corrosion rate increasing 
further after heat treatment for 2 hours at ~1000 °C. The presence
of 0.01-0.02 % nitrogen had a similar effect as the carbon impurity.
The results were interpreted as being due to the lower hydrogen 
overvoltage at defect sites associated with carbon or nitrogen.
On the other hand, Greene and Saltzman-^ measured corrosion 
rates of iron and steel in oxygen containing neutral and acid solutions.
These authors considered that the corrosion rates in neutral solutions 
were independent of cold working because corrosion was controlled by 
the diffusion rate of dissolved oxygen in the solution. It was shown 
that cold working markedly increased the corrosion rate of zone refined
iron wire, in sulphuric and hydrochloric acids. Similar results 
were obtained for carbon steels. Corrosion rates were found to 
increase with increasing plastic deformation, the corrosion becoming 
more localised. Heavily slipped areas were attacked more rapidly 
than adjacent unslipped areas. In addition, anodic and cathodic 
polarisation studies in normal sulphuric acid, showed that the polarisa­
tion curves were shifted to higher current densities by cold working 
the electrodes.
These results were interpreted as being due to Increases in 
either the number, or the activity of surface dislocations, produced 
by plastic deformation. Furthermore, the authors considered that 
hydrogen evolution at cathodic iron and steel, was independent of 
defect structure.
As a result of this work, these authors suggested a mechanism 
which contradicted that proposed by Foroulis and Uhlig.
Some interesting work has been carried out by Jenkins and 
56
Steigler on the electrochemical dissolution of single crystal : 
copper, coupled with electron microscope studies of the surface*
These authors observed discontinuities in the overpotential vs. current 
density plots for dissolution on the (100) face. It was concluded 
that dissolution sites arose by nucleation of steps at areas where 
line defects intersected the surface. Dissolution gave rise to 
motion of steps across the surface, which could be observed. Pit 
formation occurred at both subgrain boundaries, which are arrays of 
dislocations, and at dislocations in isolation* At high rates of 
dissolution, atoms were removed randomly, and facets developed on 
the face.
Work on the effect of plastic deformation on the corrosion 
behaviour of nickel has been carried out by Trabanelli and Zucchi^ 7 
and by Hoar and Notmann^^.
Trabanelli and Zucchi investigated the effect of cold rolling 
on the dissolution of nickel and its alloys in sulphuric acid.
These authors found that cold rolling had little effect on the rates 
of v/eight loss in 20% and -^0% sulphuric acid. Electrochemical 
measurements appeared to support the results of the weight loss tests. 
The effect of cold rolling was stated to have negligible influence oh 
the corrosion resistance.
However, Hoar and Notmann studied the anodic dissolution of 
pure nickel in the annealed and cold worked states. Measurements 
were made on nickel wires, at different temperatures, in a deaera#ed 
solution, containing sodium sulphate, sodium bisulphate, and nickel 
sulphate. The nickel electrodes were etched in warm dilute nitric 
acid to remove atypical surface layers. The experiments showed that 
cold worked nickel dissolved faster than the annealed nickel. At any 
given polarisation potential, the current density of the cold worked 
electrode was about 10 times greater than that of the annealed 
electrode. It was also shown that the Tafel slopes were unaffected 
by cold working.
The above survey is only a small selection of the work that has 
been carried out in the corrosion field. Although many of the 
observations are conflicting, the results nevertheless generally lead 
to the conclusion that plastic deformation does increase corrosion 
velocity. As far as the author is aware, no attempt has been made 
to quantitatively relate corrosion rates with residual microstrains.
EXPERIMENTAL
Materials
Copper wire and copper powder
These were the same specimens which were used for the 
electrode potential measurements. For specification, preparation, 
and X-ray analysis data, see chapter 1.
Nickel wire
The wire specimens were prepared from nickel bar of initial 
diameter 1cm, supplied by H. Wiggins and Co.,Ltd. The specification 
of the material was 99.^5% nickel, the impurity content being,
Mn, 0.23%; Mg, 0.08%; C, Co, Fe, 0.05%; Si, 0.0*f%; Cu,Cr,Ti. 0.01%;
S, 0.003%.
A series of swaging dies were used to reduce the diameter of 
the bar to 0.1 cm. Considerable heat was generated during the 
swaging process; in order to minimise annealing processes, the wire 
was cooled to room temperature after passing through each die.
Samples of cold worked wire were then partially annealed in 
the vicinity of the recovery temperature in order to obtain specimens 
of various microstrain concentrations'. Oxidation of the wires was 
prevented by annealing under an atmosphere of oxygen-free nitrogen.
In each sample, three specimens were bent into electrodes before 
annealing was carried out. The following specimens were obtained for 
X-ray and electrochemical examination;-
Cold worked - as received.
Annealed 20 minutes at 600 °C.
Annealed 20 minutes at 630 °C.
Annealed 20 minutes at 660 °c*
Annealed 5 hours at 700 °C.
X-ray line broadening analysis
The X-ray diffraction reflections and analysis for the copper 
specimens are shown in chapter 1.
For the nickel specimens, the X-ray reflections were chart 
recorded on a Philips diffractometer, using nickel filtered copper 
K* radiation. The specimens were scanned at y  ° per minute in 20. 
Analysis for microstrain and crystallite size was carried out by 
the integral breadth method of Wagner and Aqufi?,^  using the (111), (200), 
(222) and (A-00) reflections.
Measurement of the anodic dissolution rates of copper wires
In the first series of experiments, the anodic dissolution rates 
of cold worked and annealed specimens were studied in a polarographic
cell, as shown in figure 1. The cathode was a large pool of
■ 2mercury, 2 cm in diameter, (approximate surface area 3.1 cm ).
Care was taken to place each copper anode in the same position 
relative to the mercury. The resistance of each cell was measured 
before and after each test run with a Mullard a.c. conductance bridge, 
to ensure that each cell had approximately the same resistance.
The anodic polarisation curves were obtained for at least four 
different specimens from each cold worked group. The electrolyte 
solutions used were 0.1M and 0.05M copper sulphate, deaerated by 
passing nitrogen through the solutions for 2 hours before commencing 
observations; deaeration was stopped during observations.
The copper wires were masked with a polystyrene varnish, in
2
order to provide anode surface areas ~ 0.05-0.1 cm . The wires were 
first chemically brightened in a solution of concentrated nitric and 
sulphuric acids v/ith 5% water. After several immersions in the 
solution, the specimens were washed quickly with distilled water and
then with electrolyte solution, before placing in the cell.^
The current flowing at various applied erafs, which were 
measured with a Tinsley polarograph, type V722/18, was determined 
when applying both increasing and decreasing erafs. The emf range 
was 0-0.06 volt. Since the applied erafs were small, an auxiliary 
d.c. bridge potentiometer was used to measure the values. The applied 
emf was changed in approximately 5 millivolt steps, and the steady 
state currents recorded on a chart galvanometer. Steady state 
currents were usually obtained within -J- minute, although the time 
taken depended on the amount of damping resistance applied to the 
recording galvanometer. The apparent anodic current density was 
calculated from the geometrical surface area of the exposed copper 
wire, the dimensions of the anodes being measured with a travelling 
microscope.
Anodic overpotentials were measured with reference to a normal 
calomel electrode; the overpotentials were obtained by subtracting 
the residual emf value at electrochemical equilibrium (zero potential 
across the cell), from the values obtained under current flow.
Measurement of the anodic dissolution rates of copper powders
In this case, the cell was constructed as shown in figure 2 
(chapter 1). The powder was extruded as a compressed cylindrical 
compact, in order to expose a small portion of the specimen at the end 
of the capillary tube. The procedure used for the measurement of the 
anodic polarisation curves was otherwise similar to that used for the 
cold worked copper wires. After each polarisation curve had been 
measured, the apparent surface area of the exposed compress was
2
measured with a travelling microscope, the areas were ~ 0.009-0.015 cm •
Measurement of anodic and cathodic polarisation curves for copper wires
ror these measurements, annealed copper foil was substituted in 
place of the pool of mercury. The electrolyte solution used was 
0.1M copper sulphate, the copper foil was approximately 3 cm^ in area 
The experimental procedure was otherwise as described above for the 
copper wire specimens.
Contact wire to_ 
cathode Salt bridge from calomel electrode
Copper wire coated 
with polystyrene
Copper sulphate 
~ solution
Mercury pool
£ L&f*re 1 Polarographic cell for measurement of anodic 
polarisation curves of wire specimens.
Polarisation studies of cold worked nickel wires
The first experiments v/ere carried out in a polarographic cell, 
similar to that shown in figure 1. The large electrode was an 
annealed nickel sheet. The electrolyte solution used was 0.1M 
nickel sulphate, deaerated with nitrogen.
In contrast the results obtained with copper, it was 
observed that it was not possible to obtain the same values of current 
for both increasing and decreasing applied emf. The reason for this 
was due to changes in the value of the actual overpotential with time 
when a steady polarising potential was applied across the cell.
To overcome this effect, the overpotential/current density curves 
were obtained by observing the current flowing at various applied emfs, 
and observing the anodic overpotentials by means of an auxiliary 
calomel electrode. The applied emf was switched off after each 
reading in order to overcome the effects of the drifting overpotential*. 
The overpotential at a given current,was taken to be the difference 
between the value obtained against the calomel electrode under current 
flow, and the mean of the values against the calomel electrode, 
measured before and after the polarising emf was applied.
) ■
' After the anodic dissolution curves had been measured, the
A
cathodic curves were obtained in a similar way by reversing the 
applied emfs. In all other respects, electrode and electrolyte 
preparations were similar to those used for the copper wire measurements.
In the second experiments, molar nickel chloride solution was 
used as electrolyte. As in the first experiments, the applied 
polarising emf was switched off between readings, and the emf of the 
nickel wire allowed to return to its, unpolarised value. After the 
anodic polarisation results had been obtained, the applied emf was
reversed and the cathodic polarisation curves determined in the 
same manner as the anodic curves.
RESULTS
Copper wire
Figure 2 shows the variation of current density with applied 
emf, for copper wires of various degrees of cold working. It is seen 
that the rate of dissolution is increased by increasing the degree of 
plastic deformation.
The emf vs. current density curves were found to fit the Tafel
relationship in the range of applied emf beyond about 0.03 volt.
The Tafel law was also observed for the anodic overpotential vs. current 
density data in the range of overpotential beyond 0.015 volt.
Figures 3 and show the anodic Tafel plots obtained for the 
applied emf vs. current, and overpotential vs. current data. The.
Tafel parameters iQ, and slopes, were calculated from the experimental 
data, using the method of least square.
It is seen that the two methods give very similar results for iQ,
although the slopes of the Tafel curves are slightly different for 
the two cases. This is to be expected, since the applied emf vs. 
current density data do not take into account the IR and terms,
(see equation 2, p. 59 )• At low currents, both terms are small,/so it 
is to be expected that similar results will be obtained for the 
exchange current density from both the applied emf and the overpotential 
data.
Although the slopes of the Tafel curves are not affected by the
plastic deformation, the values of iQ are markedly dependent on the
residual microstrains which arise. Figure 5» shows the relationship
between i and the mean value of the microstrain, which indicates an o
approximately logarithmic dependence of iQ on the microstrain 
concentration.
The applied emf data are thus seen to yield the same exchange 
current densities as the overpotential data. Therefore, the 
polarographic method, using a large cathode and small anode, may 
be used to obtain iQ values for copper, without necessitating the use 
of an auxiliary reference electrode.
To verify the method, further anodic dissolution studies were 
carried out in 0.05M copper sulphate solution. The Tafel plots 
for the applied emf vs. current density data are shown in figure 6.
It is seen that for each cold worked specimen, the value of iQ follows 
a similar relationship with raicrostrain, as the corresponding value 
observed in 0.1M copper sulphate. As expected, the values of iQ 
obtained in 0.05M solution are different to those found in 0.1M solution.
The iQ values are plotted against the raicrostrain concentration 
in figure 5 ; this plot is similar to the plot obtained for the 
dissolution in 0.1M copper sulphate.
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Figure 2 Anodic oorrosion ourves for cold worked copper 
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The complete anodic and cathodic polarisation curves of copper
The curves showing the effect of overpotential on both the 
anodic and cathodic current density,in 0.1M copper sulphate, are 
shown in figure ?• It is seen that the effect of cold working is 
to increase the reaction rates for both dissolution and deposition at 
low overpotential. At higher overpotentials, the differences in rates 
of the surface reactions appear to become rather less discernable, 
this may be due to the onset of diffusion control of the reaction rates. 
Unfortunately, these curves were determined a considerable time after 
the initial electrochemical experiments were carried out, and at a 
time when X-ray diffraction facilities were not available. Although 
the cold worked specimen was nominally 90% cold drawn, the. residual 
microstrain had undoubtedly decreased during the elapsed time. As a 
result, the differences between the annealed and cold worked specimens 
were much less than those observed in the first experiments.
However, it is thought that these results are worth including, 
since they demonstrate the general symmetry of the behaviour of both 
annealed and cold worked copper as an electrode. The general 
appearance is in good agreement with the results obtained by
58
Piontelli et al.
Tafel plots for the anodic and cathodic polarisation curves of 
figure 7* indicate that the exchange current density of the annealed 
specimen is lower than that of the strained specimen. The Tafel 
slopes appeared to converge slightly, however this may have been 
experimental error.
The values of the cathodic and anodic exchange current densities 
for the annealed wire are shown in table 1, which summarises the 
electrochemical and X-ray diffraction results obtained with the copper 
specimens.
The anodic dissolution rates of ball-milled copper powders
The Tafel plots for annealed copper powder, and two samples of. 
cold worked copper powder are shown in figure 8. The plots are the 
mean values of current density, obtained for several specimens.
The estimates of the current density were subject to greater error, 
since there was some error in measuring the surface areas of the 
compressed powders. The copper powders used in these experiments 
were the specimens that had been exposed to air.
It is seen that the Tafel slopes and intercepts are very 
similar to those obtained for the wire specimens. An interesting 
fact that emerged, was that after a very short time of ball-milling, 
the anodic dissolution rate increased markedly. After 3 minutes, 
the experimental corrosion rates tended to overlap. It is interesting 
that for the copper powder, which had been exposed to air, the emf 
does not show much increase after 3 minutes of milling. It is 
possible that the presence of oxygen may play a part in the observed 
phenomena. Alternatively, residual microstrain may be induced more 
rapidly into the surface layers than in the interior.
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Figure 7 Anodic and cathodic polarisation curves for cold 
worked and annealed copper wire electrodes in 
0.1M copper sulphate solution.
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Figure 8 Tafel plots for anodic dissolution of cold worked 
copper powders in 0.1M copper sulphate solution.
Specimen Mean microstrain concentration
Relative
Electrode
Potential
(mV)
Exchange 
current 
density 
(mA/cm^)
Tafel
param­
eter
A *
Remarks
Cu wire 
90% red? 
60% red? 
30% red? 
Annealed
1.81 x 10“^ 
1,74 x 10~5 
1.30 x 10-5
-3.10
-2.67
-1.67
0.631
0.477
0.326
0.220
0.227
0.240
0.238
0.236
0.1M
CuS04.
Mercury 
pool 
cathode•
Cu wire 
90% red? 
60% red? 
30% red? 
Annealed
As
above
- 0.270
0.223
O.I63
0.103
0.05M
CuSO^.
Mercury
pool
cathode.
Cu wire 
Annealed - - 0.206"'* *.
0.133
0.34?
0.232
0.1M
CuSO^.
Copper
anode.
powder 
Milled 2 h. 
Milled 5 hi* 
Annealed
■3.1^ x 10"5 
1.36 x 10“5
-3.66
-5*57
1.047
0.708
0.269
0.198
0.205
0.173
0.1M 
CuS0^.
Mercury
pool
cathode.
Table 1 Summary of microstrain and electrochemical properties of 
cold worked and annealed copper electrodes,
*
anodic exchange current density,
* *
cathodic exchange current density,
I
from current density vs. overpotential Tafel plots.
Polarisation studies of strained nickel electrodes in 0.1M NiSOj
In the polarisation studies of nickel electrodes, it was 
observed that the current flowing in the cell at any given applied 
eraf, changed slowly with time. This behaviour was in contrast with 
the behaviour of copper, which gave reproducible current flow under 
a given applied polarising emf. On removal of the. emf,. the current 
returned to zero, in the case of copper.
However, with nickel electrodes, it was found that when the 
polarising emf was applied, the current flowing in the cell rose 
to a maximum value and then slowly decreased. On removing the 
applied emf, the chart galvanometer pen did not return to zero.
Examination of the anodic overpotential, using a calomel 
electrode, indicated that the overpotential changed slowly with time 
at any given applied emf. The overpotential did not return quickly 
to its original unpolarised value on switching off the applied emf.
In this respect, nickel differed markedly from copper in its 
electrodic behaviour.
It was found that switching off the applied emf between each 
reading, enabled consistent results to be obtained. The overpotential 
at any given current, was taken to be the difference between the 
value of the emf against the calomel electrode, under a given applied 
polarising emf, and the value when no polarising emf was applied.
The change in the current flowing in the cell, could simultaneously 
be observed on the chart galvanometer.
Figure 9 shows the anodic corrosion curves for strained nickel 
wires in 0.1M nickel sulphate solution. In this case, the anodic 
overpotential data have been used, the applied emf vs. current density 
plots give similar results.
Figures 10 and 11, show the Tafel plots obtained from both
the applied emf vs. current density, and anodic overpotential vs.
current density data. It is seen that the tw<? methods give very
similar results for the exchange current density, although as with
copper, the slopes of the Tafel plots are slightly different. The.
•* *»# ■
exchange current density of nickel is. seen to be very much smaller 
than that of copper.
Figure 12 shows the complete polarisation curves for cold 
worked and annealed nickel wires. It is seen that the polarisation'' 
behaviour is of a similar nature to that observed with copper. The 
cold working appears to increase, the rat§s of both anodic dissolution 
and cathodic deposition.
A clear relationship exists between the residual microstrain 
and the exchange current- density. Figure 13* shows a plot of 
exchange current density vs. mean microstrain, it is seen that the 
relationship is approximately logarithmic.
/
The behaviour of nickel in nickel sulphate solution is 
exactly analogous to that of copper in copper sulphate solution, the 
principal difference being only the magnitude of the exchange 
current density.
/
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Figure 9 Anodic corrosion curves of nickel wires, of 
various residual microstrain concentration#
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Figure 10 Tafel plots for anodic dissolution of nickel 
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Figure II Tafel plots for anodic dissolution of nickel wires
of various residual microstrain in 0.IM NiSO..4
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Figure 12 Anodic and cathodic polarisation curves for cold
worked and annealed nickel electrodes in 0,1M NiSO^,
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Figure 13 Relation between mean microstrain concentration 
and mean exchange current density for anodic 
dissolution of nickel wires in 0.1M NiSO^.
Polarisation studies of strained nickel electrodes in molar HiCl^
Figure 'Ik shows the anodic corrosion curves, obtained for 
strained nickel wire electrodes, in molar nickel chloride solution.
The plots are of anodic overpotential vs. current density; plots of 
applied emf vs. current density give similar results.
Figure 15 shows the Tafel plots for anodic dissolution. It is 
observed that the slopes of the Tafel curves are unaffected by residual 
strain, however, the exchange current density decreases on annealing 
out the residual strain.
The relationship between the mean residual microstrain and the 
exchange current density, is shown in figure 16. This indicates that 
the behaviour of nickel in nickel chloride solution is similar to 
that already observed for copper and nickel in solutions of their * 
sulphates.
Figure 17 indicates the anodic and cathodic polarisation curves
for annealed and cold worked nickel in molar nickel chloride. It is
observed that the behaviour under cathodic conditions is quite
different to that under anodic polarisation. This type of behaviour
23 .
has been observed before , it appears that residual microstrain has 
only a small effect on cathodic processes. If the cathodic process 
is associated with the discharge of hydrogen, or the adsorption of 
chloride ions, the results might be expected.
A summary of the X-ray diffraction results, together with the 
electrochemical data for strained nickel electrodes is shown in 
table 2.
Table 
2 
Summary 
of 
microstrain 
and 
electrochemical 
properties 
of 
strained 
nickel 
wire 
electrodes.
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Figure 14 Anodic corrosion curvesffor nickel wires 
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molar nickel chloride solution.
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Figure 13 Tafel plots for anodic dissolution of nickel wires 
of various microstrain concentration,in molar 
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Figure 16 Relationship between microstrain and exchange 
current density in molar nickel chloride*
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DISCUSSION
The exchange current density and residual microstrain
At equilibrium, the rate of dissolution equals the rate of 
deposition at the surface of the electrode. The dissolution partial 
current density, iQ, is given by the expression:-
Ns n - £2l -t0 = sF f a ^  c“ .g exp BT
Where zF = charge on 1 gram atom of metal ions.
f ss characteristic frequency of vibration
of activated complex.
a; = number of active sites per unit surface area.
!a
No
number of gram atoms of metal per unit area 
of surface.
.nC ^ g  = activity of solvating ligands in the
Helmholtz double layer.
AG* = electrochemical free energy of activation.
R = the gas constant.
T = the absolute temperature.
With the presence of microstrain, both cc may be altered, and in 
addition, the energy of the metal is raised slightly above the ground 
state energy level. Asa consequence, the activation energy AG* is reduced.
As a first approximation, the relative lowering of AG* may be 
considered to be equal to the change of surface free energy due to the 
residual strain. Thus, for a strained electrode, the exchange current 
density iQ is given by the expression
/ AG* - ^ Gstrain 
i = K GCexp I RT
The above equation assumes that all the terms in front of the
exponent, except oc , are constant, which is approximately true.
If the number of active sites oC on the surface is proportional 
to the dislocation density, we may also state that oC will be 
proportional to the residual microstrain concentration.
Taking logarithms
* * V
(AG - AG , . \strain 1 — ------ -— _  i
2.3Q3 RT /
Rearranging this equation:-
Log10 io = Los10 K + L°s10 00 “
*
Since both K, and AG are constant, the above equation may 
be further simplified to:-
& G  - A G strain\
2.303 RT
Log^Q iQ = Log^Q (microstrain concentration) + ( ^^strain\ y 2.303 RTj
It has been shown in the previous chapter that the residual 
microstrain concentration does not change very much. The dislocation 
density was only approximately doubled when 90% cold drawn wire was 
compared with 30% cold drawn.
It is suggested that the term Log^Q(microstrain concentration)
is negligible when compared with the strain energy term, as a result,
a plot of A G g^ra^n against log^ iQ , should give a straight line.
'2Alternatively, a plot of (microstrain) against Log iQ may be used,
2since (microstrain) and A-Gg.kra£n are linearly related.
An illustration of the effect of residual microstrain energy 
upon the activation energy is shown in figure 18.
To test this theory, plots of kog^ iQ have been made against
2the square of the average microstrain concentration ( £  ),
Figure 19 shows the plots obtained for the exchange current 
densities of copper electrodes in 0.1M and O.OfSM copper sulphate 
solutions.
Figure 20 shows similar plots for nickel electrodes in 0.1M 
nickel sulphate and M nickel chloride solutions.
It is seen that in both cases, linear relationships appear to
hold.
In the case of the copper wires, the change of surface free
energy has been obtained from the electrode potential measurements.
According to the above theory, a plot of surface free energy change
1
against Log„n i should give a straight line of slope v  '.rv- - " ;
IU O cL^JKJ? Kl
thus the slope should be 0,73 x 10
Plots of Log,|Q in 0*1 and 0,05M copper sulphate, against
A G surface are s^own figure 21* The slopes of these plots are
2,6 x 10 * and 2*8 x 10 . These are of the correct order of
magnitude. The values of the slopes are slightly larger than 
predicted since the Log (microstrain concentration) term has been 
assumed constant.
Figure 18
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Figure 19 Relation between exchange current density of copper
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CONCLUSIONS
It is observed that the effect of plastic deformation is to 
increase the corrosion and deposition rates for both copper and 
nickel electrodes. Thus, increasing -H* residual microstrain by 
j alteration of jthe degree of cold working, or decreasing Hit microstrain 
by annealing lead to similar results.
The results obtained *for anodic corrosion of both copper and
24nickel are very similar to those obtained by Hoar and Notmann for 
nickel. Residual microstrains appear to increase the corrosion rate 
without altering the slope of the Tafel plot.
The polarographic technique, using a small electrode, has
proved .to be most successful for measuring exchange current densities,
whose values compare well with the values obtained by the standard method,
using a calomel reference electrode. One of the disadvantages of
using the calomel electrode is that slow contamination of the
electrolyte takes place. An advantage of the method used in this
work is that the electrolyte solution may be kept free from contaminants
A further advantage is that the cell is easily set up, and the test
electrode can be left as long as desired, under a small anodic
c
polarising emf, until it ajquires steady state conditions. The calomel 
electrode was used in most of the experimental work, in order to 
establish the validity of the results from the applied emf/current 
density data.
Although the overpotential of nickel was observed to change with 
time, it was nevertheless possible to obtain an applied/emf vs current 
density plot, by switching on the polarising emf and noting the 
current change fairly quickly. An interesting observation, not 
included in the present work, was that by continuously varying the 
applied emf from anodic to cathodic, or vice-versa, the general shape
of the complete polarisation curve could be quickly obtained, although 
a considerable hysteresis occurred. It was thought that this 
dynamic method, which is analogous to the technique used in 
polarography, might prove to be a useful technique.
It is of interest that the cathodic behaviour of nickel
electrodes in nickel chloride solution is quite different to
its behaviour in nickel sulphate. Similar curves have been obtained
for platinum electrodes of different activities, when cathodically
59
polarised in acid solutions . Both nickel and platinum are very
similar in their behaviour as electrodes, thus it has b e e n  o b s e r v e d - ^ »60
that both metals are capable of forming reversible hydrogen electrodes.
The effects of residual microstrain on the exchange current 
density have not been previously considered. A simple extension 
has been made to the standard equations applying to corrosion and 
electrodeposition,which enables the relationship to be established 
between the exchange current density and the change of activation 
energy resulting from the microstrain energy.
It is proposed in this thesis that if the change of microstrain 
concentration is small, Log^ i should be linearly related to the 
(microstrain) • Plots of the above functions for copper and nickel 
wires, under different corroding conditions, show good linearity, 
with constant slopes, which appear similar for both metals.
In the case of the copper wire electrodes, it was possible to 
plot Log^Q i against the change of surface free energy. The slopes 
of these linear plots, were in general agreement with those predicted 
from the suggested theory.
CHAPTER 3
THE EFFECTS OF BALL-MILLING ON THE ADSORPTION CHARACTERISTICS AND 
SURFACE ENERGY OF ALUMINIUM OXIDE
INTRODUCTION
Considerable work has been carried out at the University of 
Surrey, to measure microstrain and crystallite sizes in cold worked 
oxides and ceramic materials. The introduction of microstrain by 
ball-milling has been shown to occur with such materials as alkali 
metal halides,refractory oxides, calcium carbonate and tungsten carbide.
11
In addition, it has been shown by Lewis and Lindley, that 
residual microstrain in ball-milled a-aluminium oxide powders, gave 
rise to enhanced reactivity, which caused the milled powders to 
sinter at lower temperatures than the strain-free material. The 
driving energy for the sintering process was considered to be due to 
the excess free energy of the active powder above the normal 
equilibrium state.
Following this work, a number of studies have been made to 
elucidate whether the source of the free energy is derived from the 
microstrain energy, or from the surface energy,due to small particle 
size. Particle sizes of milled and annealed a-alumina specimens 
have been measured by the B.E.T. gas adsorption method, and particle 
size distributions have been determined using electron microscopy.
The electron microscope has revealed that the milled powders contained 
dislocation loops and other irregular subgrain networks.
61Observations by Sarkar and Bills have shown that the two 
methods above give reasonable agreement for the mean particle size of
a given specimen. The particle size measurements have also been 
compared with crystallite size measurements. This has shown that the 
dimensions of the crystallites are generally much smaller than the 
mean particle size diameters. Thus, aluminium oxide,which had been 
ball-milled for h hours was observed to have a mean particle diameter 
between 1000 - 1500 8, whereas the mean crystallite size was 
approximately 500 8.
The B.E.T. gas adsorption technique enables the specific surface 
area (surface area per gram) to be.determined. A method for determining 
specific surface area which has not been so widely used, is to measure 
adsorption of solute from a liquid solution. One of the features 
found with this method, is that both solute and solvent are simultaneously 
adsorbed to different extents and this makes the experimental results
somewhat difficult to interpret.
Extensive work on the adsorption of solutes from solutions has
62been carried out by de Boer and coworkers • It has been shown that 
lauric acid chemisorbs onto various aluminas with its long axis 
perpendicular to the solid surface. This acid is adsorbed onto 
aluminium oxides and hydroxides from dried non polar solvents giving 
adsorption isotherms with a pronounced saturation character. Under 
these'circumstances solvent molecules do not adsorb. Thus, for 
example, from solutions of lauric acid in n-pentane, a complete 
monolayer of acid is formed on the alumina, even when the solution is 
of very low concentration. The adsorption of lauric acid was 
considered to provide a simple method for the determination of surface 
areas in the absence of steric hindrance in narrow pores. The 
adsorbed carboxylic acid molecules are not close packed, but are 
adsorbed at specific sites on the surface, the spacing of the adsorbed
molecules being determined by the spacing of the lattice.
The molecular surface area of lauric acid obtained was 26,9 £ this 
compares -with 21 £ ^ when the acid forms a close packed monofilm on 
the surface of water.
Comparison of the carboxylic acid adsorption with the B.E.T. 
adsorption surface area v/as considered by the authors to provide useful 
information about the presence of narrow pores.
Recent B.E.T. examination of ball-milled alumina, pov/ders appears 
to have indicated the absence of narrow pores. Examination of powder 
which had been milled and then annealed, showed this material to be 
very microporous.•-p In view of the difference between the B.E.T. 
particle size and the crystallite size from X-ray line broadening, it 
would appear that micropores ought to exist in the milled powder. It
was therefore decided to measure the particle size of ball-milled 
alumina powder by adsorption of carboxylic acid from solution. A 
comparison of particle size obtained by this method, and by the B.E.T. 
method, together with the crystallite size would serve to confirm the 
presence or absence of micropores.
It was also thought that trial experiments might be carried out 
on alumina, in order to establish whether residual microstrain causes 
changes of surface properties. Since the electrochemical measurements 
on copper and nickel had proved successful, it was decided to 
investigate v/hether a change of surface free energy of ball-milled 
alumina powder could be observed electrochemically.
The work to be presented in this chapter is an outline of 
possible methods of investigation of the physical properties and 
changes of surface reactivity of oxides, or other non-conducting 
solids, which may arise due to the presence of residual microstrain.
In addition, it was thought that measurements of the rates of 
adsorption onto alumina might provide information about the hetero­
geneity of the surface. Comparison of annealed alumina with ball- 
milled would be of interest in this respect.
The first experiments were- carried out to determine the rates of 
adsorption of n-hexanoic acid onto annealed and ball-milled alumina 
powders. The adsorption of hexanoic acid from n-hexane solution is 
in all respects- similar to the a.dsorption of lauric acid from n-pentane. 
The data obtained from these experiments were also used to determine 
the specific surface areas of the specimens.
The second experiments were carried out in order to determine 
whether ball-milling affected the behaviour of aluminium oxide powder, 
when acting as an electrode. Although this material is a non-conductor 
of electricity when dry, it was thought that surface conduction would 
be appreciable when the oxide was immersed in an electrolyte solution. 
The surface conduction would permit measurements to be made of 
electrode potentials. Since no work on the aluminium oxide powder 
electrode appears to have been carried out, a technique was used which 
was similar to that used to measure the electrode potentials of the 
copper powders. Metal/insoluble metal compound/electrolyte solution 
electrodes are well known, and it was decided to construct an 
electrode with aluminium oxide as the insoluble metal compound.
CHEMIS ORPTION STUDIES
' EXPERIMENTAL
Material 
Aluminium oxide
Two specimens of aluminium oxide were studied, the material was 
analaR reagent grade, supplied by Hopkins and Williams. One sample 
was annealed at 1100 °C for k hours, cooled to 150 °C. and then 
transferred to a vacuum desi’Ccator. The other specimen was ball-milled 
for k hours at room temperature, in an alumina pot using an alumina ball. 
Ball-milling for 4 hours was shown to induce small crystallite size 
and considerable microstrain. The annealed specimen probably had a 
small degree of residual strain since for alumina, strain is only 
completely removed at 1600 °C. X-ray examination of the annealed 
sample indicated that the diffraction lines were sharp and any strain 
present was too small to measure.
Particle size and crystallite size of ball-milled alumina
Estimates of particle sizes of similar specimens of alumina
powders, ball-milled for k hours have been made using the B.E.T. method
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and also by electron microscopy. Sarkar and Bills showed the mean 
particle size diameter of the A  hour milled specimen to be 1200- 1500 8, 
whereas the X-ray method indicated the mean crystallite size to be 
approximately 300 $, the microstrain being 2.5 x 10*"^ .
Hexanoic acid and n-hexane
The acid was dried by azeotropic distillation with approximately 
30% by volume of benzene, added prior to distillation.
The n-hexane (analaR reagent grade) was dried by standing for 1 month 
over magnesium perchlorate and then over dried aluminium oxide.
Measurement of adsorption rates and surface areas
Solutions of hexanoic acid in n-hexane of various concentrations 
were used in order to give general information about the adsorption 
of the acid onto alumina. The solutions used were approximately 
molar, 0.1 M , 0.05M and 0.02 M •
A weighed quantity of alumina powder was placed in a glass 
stoppered test tube of approximately 5>0 ml capacity. A measured
volume of dry hexanoic acid solution was added and the tube was
stoppered tightly and placed on a mechanical shaker. At various 
intervals of time, the tube was removed from the shaker and quickly 
centrifuged for 30 seconds in order to settle the alumina, and 2 ml 
samples of hexanoic acid were pipetted from the tube. The tube was 
then stoppered again and replaced on the shaker. The sampling
operation took less than 1 minute.
To the extracted sample of hexanoic acid was added 10 ml ethanol, 
and 2 drops of phenolphthalein indicator. The acid was then 
titrated against standard sodium hydroxide solution. A blank titre 
against 10 ml ethanol, 2 ml n-hexane and 2 drops of phenolphthalein 
solution served to make a small correction to the acid titre. The 
quantity of acid««fcorbed at any given time was calculated from the 
concentration of acid remaining in the solution. The rate of 
adsorption was indicated by plotting the quantity of acid adsorbed by 
1 gram of alumina at various intervals of time.
Attempts were -made to obtain desorption rates of hexanoic acid 
using ethanol as solvent, however, it was observed that only partial 
desorption occurred. The acid adhered strongly to the alumina and 
the experiment was abandoned.
For the comparison of adsorption rates onto annealed and cold 
worked alumina, 0.1 M hexanoic acid solution was used. At this 
concentration the monolayer was formed in about 100 minutes.
RESULTS .
The effects of altering the concentration of acid on the
adsorption rates onto annealed alumina are shown in figure 1. It is
seen that in all cases, the final total uptake of acid is independent
of the concentration. The total uptake of hexanoic acid per gram of
alumina corresponds to the formation of an adsorbed monolayer. Taking
o 2the molecular area of the hexanoic acid as 26.9 a , and assuming
spherical alumina particles, the specific surface area of the alumina 
2is 5*25 metre /gram, this corresponds to a mean particle diameter of 
1500
The adsorption of hexanoic acid onto annealed and k hour ball-
milled alumina powders, from 0.1 M solution are shown in figure 2,.
2
The specific surface area of the milled specimen was 9*^5 metre /gram, 
corresponding to a mean particle diameter of 810 S.
From the data of figure 2, the rates of adsorption onto the free 
surface at various surface coverages (80% and beyond) were determined. 
Figure 3 shows plots of the rates of adsorption, (calculated on the 
basis of the free area available for adsorption at any given instant) 
vs. coverage of the surface for annealed and ball-milled alumina.
It may be seen that there appears to be no distinction between the 
rate of adsorption onto cold worked and annealed specimens. It is 
interesting that the rate of adsorption appears to be a linear function 
of the surface covered, when the surface is extensively covered.
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Figure 1 Adsorption of n-hexanoic acid onto alumina, annealed 
at 1100 °C f from hexane solutions of various 
concentrations.
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Figure 3 Specific rate of adsorption of hexanoic acid as a 
function of surface coverage.
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Figure 2 Adsorption of hexanoic acid onto annealed and
_ b hour ball-milled alumina from 0#1 molar solution 
in hexane.
ELECTROCHEMICAL STUDIES
EXPERIMENTAL
Measurement of change of electrode potential of alumina due to ball-milling
The intention of the experiment was to prepare an aluminium 
amalgam cell, with potash alum as electrolyte solution* With 
aluminium oxide on the surface of the amalgam on one side of the cell, 
it was considered that changes of surface energy of the aluminium 
oxide due to ball-milling might be observed.
The cell may be represented as
Cu Pt Hg, Al a x2o3 potash alum 0.1 M Hg.Al Pt
+
Cu
Aluminium amalgam was prepared by immersing aluminium foil in 
mercury and mercuric chloride. This was allowed to stand for 2 weeks 
under nitrogen. The potash alum was B.D.H. analaR reagent grade.
The cell was set up as shown in figure 4. In each arm of the 
cell was placed aluminium amalgam and a solution of 0.1 M potash alum. 
Contact was made onto the amalgam and solution by means of two 
platinum wire probes, sealed into glass tubing. It was considered 
that making contact in this manner would allow the oxide phase and 
amalgam phase to be in direct contact with the platinum.
The electrolyte solution was.not deaerated, and when the 
amalgam cell was set up a white film was observed to form on the 
surface of the amalgam in each tube. After standing for one day, 
the electrolyte solution and film on the amalgam were removed.
On1placing a fresh 0.1 M potash alum solution in the cell, the surface 
of the cell remained bright. It was concluded that either all the 
aluminium in the amalgam had oxidised, or that the amalgam was too 
dilute to oxidise further.
After standing for a further 24 hours, the emf of the aluminium 
amalgam cell was measured over a period of 4 days, the cell being 
maintained at 25 °C. It was observed that,a permanent steady emf 
occurred across the cell. This was associated with the platinum 
contacts, since the emf was observed to be exactly reversed by 
interchanging the platinum wires in each side.of the cell. The same 
emfs v/ere obtained with the platinum wires in contact with electrolyte 
solution only. As a further check of the reproducibility, the cell 
was emptied and filled with fresh electrolyte solution. The emf was 
observed to remain the same as before.
Cu
0.1M Potash alum.
Pt
wire'
ti um—
Alumina powder.
■Aluminium-
amalgam
Figure 4 Cell for measurement of emf of aluminium oxide powders
When it was established that equilibrium had been reached in 
the cell, aluminium oxide powder was added to the positive side of the 
cell, and the emf of the cell was measured at various times over a 
period of 5 days. After 5 - 4  hours, the cell attained an emf which 
remained steady during the time of the experiment. The annealed and 
cold v/orked alumina powders were tested in turn in order to establish 
the effects of residual microstrain on the surface energy.
RESULTS
The emf of the amalgam cell with no aluminium oxide added remained 
constant for a considerable period of time, the emf was unchanged when 
the electrolyte was changed*
On addition of both cold worked and annealed alumina specimens 
to the positive electrode, the polarity of the cell was immediately 
reversed. Thereafter, the emf of the cell slowly changed towards a 
steady state value which was attained after approximately 3 hours. 
Figure 5 shows the change of emf with time for both cold worked and 
annealed specimens. The cold worked aluminium oxide was observed to 
have an electrode potential slightly negative with respect to that of
the annealed state. The steady state difference in emf was 2.3 millivolt.
Emf of amalgam cell with 
no alumina powder added*
CM
Annealed
Alumina
Ball-milled
Alumina
M
Potash!Hg,AllPt 
alura '
0.1 M
Figure 3 n^if of cell^ Pt Hg,Al
200
Time (minutes).
DISCUSSION AND CONCLUSIONS
The chemisorption results are in excellent agreement witli those 
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of de Boer et al, and it would appear that this technique is suitable 
for measurement of particle sizes of alumina powders. However, a 
similar study of adsorption, using cuprous oxide powder, resulted in 
slow dissolution of the oxide after the formation of the chemisorbed 
monolayer. The technique may therefore be unsuitable for more 
reactive solids.
The adsorption rate measurements indicate that milling does not 
appear to alter the specific rate of adsorption (rate per unit area). 
This might be expected since the chemisorbed acid molecules are strongly 
attached to the surface and once adsorbed do not desorb readily even 
when a polar solvent such as alcohol is added. It is possible that 
the carboxylic acid ionises on the surface of the alumina. Even at
90% surface coverage, the rate of adsorption is extremely high
13 -2- —1( W 10 molecules cm 'sec ).
The particle size of the ball-milled alumina was 810 8, this
value is compared with the mean crystallite size of 300 8, obtained 
X- ray diffraction, and B.E.T./electron microscope particle size of 
1200 8. The results of the chemisorption studies do not therefore
provide conclusive proof of the absence of micropores in the ball-milled
powder.
The electrochemical experiments clearly show that a change of 
surface free energy is brought about by ball-milling. The initial 
rapid reversal of the emf of the cell on addition of the alumina powders 
was undoubtedly due to the rapid wetting of the alumina. This process 
is known to occur readily. Dissociation of the adsorbed water would
M *|»
leave OH ions on the surface of the solid, the H 0 ions then
3
diffusing rapidly into the aqueous phase. Examination of figure 5 
shows'-that the emf of the electrode slowly becomes more positive after 
the initial rapid.reversal of polarity. This is most probably due to
the relatively slow adsorption of positive ions into the double layer
i 3 1
(K or Al ) to establish equilibrium conditions at the interface.
Since the cold worked electrode was negative with respect to the 
annealed powder it is concluded that there are relatively more 
adsorption sites for OH*" ions per unit area on the cold worked material. 
However, the surface of the ball-milled powder clearly appears to be 
of higher free energy than the surface of the corresponding annealed 
material. Thus, the enhanced sintering rate of strained alumina 
would appear to be due to the increase of surfa.ce free energy due 
to microstrain.
Further work will be necessary to establish the precise chemical 
processes which take place at the alumina electrode surface, and to 
establish the relation between the microstrain energy and the change 
of surface free energy.
CHAPTER k
EVALUATION OF THE DEFECT STRUCTURES OF SELECTED METAL CATALYSTS
INTRODUCTION
It has long been known that chemical reactions, such as 
hydrogenations of organic substances, may be heterogeneously catalysed 
by the presence of metals, group V111 transition metals being 
especially active for this purpose#
For liquid phase hydrogenations on the small scale, platinum and 
palladium are often used, since these metals generally have the highest 
catalytic activities. The form of the catalyst depends on the nature 
of the reaction to be catalysed. Platinum and palladium are often 
supported on a substrate material, such as silica or charcoal. This 
inhibits sintering of the catalyst particles and often modifies the 
catalytic properties. In some cases, where high activity is required, 
unsupported metals are used, such as platinum blacks and Raney nickel.
Platinum blacks may be prepared by passing hydrogen through a 
heated solution or suspension of a platinum salt, or by addition of any 
suitable reducing agent. Platinum sponge, of rather lower catalytic 
activity can be prepared by ignition of platinum compounds at moderately 
high temperatures.
6kIn 18971 Sebatier and Senderens showed that nickel, cobalt, iron 
and copper catalysts effected hydrogenations at high temperatures, the 
nickel catalyst being the most efficient. Catalyst powders were 
prepared by reduction of the oxide with hydrogen at about 300 °C, 
hydrogenation was carried out in the vapour phase, the temperature 
range being 160 - 250 °C.
gp
Shortly after Sabatier*s discovery, Normann took out a patent 
for the hydrogenation of unsaturated fats in the liquid phase, using 
nickel as catalyst. The process of technical fat hydrogenation 
commenced in about 1910. As far as industrial work is concerned, 
nickel is the most commonly employed metal catalyst.
In 1925, Raney^ showed that when nickel-silicon or nickel-aluminium 
alloys were treated with sodium hydroxide solution, until all or most 
of the alloyed element was dissolved away, the residual nickel was in 
a very finely divided state and possessed high catalytic activity at
Cn ^  np
room temperature. Following this discovery, a number of workers 
prepared Raney nickel catalysts of varying activities by altering the 
conditions of preparation. Raney nickel catalysts have been obtained 
with activities approaching those of platinum or palladium under mild 
conditions. Many investigators have studied this catalyst and the 
picture that has emerged is that of a highly defective structure / 
comprising nickel, residual nickel-aluminium alloy compounds, alumina, 
and hydrogen. Raney nickel is highly unstable and is pyrophoric 
when brought into contact with air.
n ?
In 1936, Fouconnau ^ prepared Raney copper from Devarda*s alloy,
and showed that this was an effective catalyst for various hydrogenations
at moderately high temperatures. Raney copper is less active than
7kRaney nickel0 Van Mechelin and Jungers/ have compared the two catalysts# 
'These authors showed that digestion of Raney alloy at high temperatures 
reduced the catalytic activity of both metals.
Raney cobalt and iron have also been prepared; they are observed 
to be less active than Raney nickel.
LITERATURE SURVEY
Crystal defects and catalytic activity
Many experiments have been carried out showing that catalytic 
activity of crystalline solids can be increased by increasing the 
number of vacancies or dislocations at the surface; however, in some
cases, experimental procedures have led to alteration of surface
contamination,and the results have therefore been inconclusive.
12Richardson showed that by sufficiently intense mechanical 
abrasion, nickel turnings could be made to acquire catalytic activity, 
the surface of the metal becoming sufficiently ‘roughened* to produce 
the irregular or exposed conformation of nickel atoms on the surface, 
which was apparently required for catalytic activity. Smooth nickel, 
such as electrodeposited or smooth metal turnings were found to possess 
negligible catalytic activity.
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Taylor in 1955 suggested that on the surface of a catalyst there
would be occasional groups of atoms in fixed metastable positions,
associated with high energy and chemical unsaturation, relative to the 
atoms in the regular lattice. Such groups of atoms, described as 
active centres or active sites, might have exceptional adsorptive power 
and high catalytic activity.
Two phenomena were explained by Taylor*s hypothesis
(1) The heat evolved during the initial adsorption of a gas 
onto a catalyst is usually greater than that which is evolved during 
later stages of adsorption.
(2) Catalysts are often poisoned by much less contamination
7 6than is required to form a monolayer. Thus, Pease showed that a
copper catalyst, which could adsorb 5 cm^ of carbon monoxide, suffered
3a 90% loss of catalytic activity after adsorbing only 0.05 cm .
The effect of crystallite size on the catalytic activity of a
nickel catalyst, supported on silica-alumina, has been studied by 
17Carter et al. In this case, the crystallite size was varied by 
sintering the catalyst under a hydrogen atmosphere at various 
temperatures. The crystallite sizes were calculated from hydrogen 
adsorption isotherms. The decrease in activity for the hydrogenolysis 
of ethane was larger than expected from the corresponding decrease in 
specific surface area of the nickel. It was concluded that the 
specific activity,per unit area of surface, decreased as the crystallite 
size increased. Thus,the number of active sites per omit surface area 
appeared to be related to the crystallite size.
13 14Uhara et al. have carried out a number of studies on the
catalytic behaviour of cold worked copper and nickel wires. This 
work indicated that a sudden decrease in the catalytic activity took 
place for the Gattermann reaction,and for the dehydrogenation of 
ethanol, when the metal was annealed at 300 °C. Since the diminution 
of the surface area was negligible, it was concluded that the active 
centres in copper wire were due to the termination of dislocations at 
the surface of the metal. Similar studies with cold worked nickel 
wires also indicated that diminution of catalytic activity took place 
during annealing. The loss of activity was observed to occur in two 
stages, the first in the temperature range 200 - 330 °C, which was 
attributed to loss of vacancies. The second drop in activity occurred 
in the range 400 - 700 °C, which corresponded to the disappearance of 
dislocations.
The reactions studied were the decomposition of ethanol to acetaldehyde 
and also the ortho- to para- hydrogen conversion; in addition, some 
reactions in solution were studied. The authors proposed that 
dislocations were responsible for catalytic activity in chemically 
prepared powders.
15Similar studies by Ross showed that abraded copper/copper oxide
foils catalysed the decomposition of hydrogen peroxide faster than 
non abraded foils.
16Kishimoto et al., studied the catalytic behaviour of cold worked 
platinum wires, and these were found to be analogous to nickel and 
copper in that annealing brought about loss of activity, the annealing 
temperature ranges being 200 - 300 °C, and *f00 - 700 °C. Keating et al 
showed that cold rolling of platinum foil resulted in increased rates 
of catalytic decomposition of hydrogen peroxide at the surface. The 
rate of decomposition was related to the degree of deformation.
X-ray examination indicated considerable line broadening with the 
cold worked foils, however,line broadening analysis was not carried out.
78Farnsworth et al. studied the catalytic hydrogenation of 
ethylene in the presence of thin nickel and platinum sheets. Nickel 
sheet, quenched from 850 °C had a greater activity than the same sheet 
when annealed. Similar results were obtained with platinum, after 
quenching from 1050 °C. It was also shown that catalytic activity 
was increased by subjecting the specimens to argon ion bombardment. 
Both quenching and ion bombardment are known to produce dislocations 
and vacancies in the surface layers of the metals, and the increased 
catalytic activities were attributed to surface defects.
79Sosnovsky et all have investigated the effects of argon ion
bombardment on the rate of decomposition of formic acid on the (111)
face of single crystal silver. Bombardment with positive ions increased
5 2
the frequency factor in the Arrhenius equation by a factor of 10 ,
and since the crystal was annealed at 250 °C, at which temperature 
vacancies disappear, it was proposed that the decomposition of formic 
acid occurred on the surface at emergent dislocations. Electron 
diffraction showed that after ion bombardment, the surface contained 
small crystallites,which were rotated with respect to one another 
through angles of a few degrees. The disorientation was comparable 
with that produced in the crystals of a very heavily cold worked 
polycrystalline aggregate,in which the number of dislocations is known
5
to be at least 1Cr times greater than in the annealed state. The 
electron diffraction examination indicated that the disorientation Was 
due to edge dislocations which had built up and acquired a metastable 
position, parallel to and a short distance away from the surface.
80Observations by Duell indicated that when nickel wire was 
heated to near the melting point for a few minutes and rapidly quenched, 
a very large increase in catalytic activity occurred. This 
superactivity decreased rapidly as reaction proceeded, but was not 
removed by annealing at 730 °C for 100 minutes. The high activity was 
attributed to quenched in clusters of vacancies, dislocation loops and 
stacking faults close to the surface.
The superactivity of quenched metals have been interpreted as
being due to carburisation, since it has been observed that twisting
nickel wire in ultra high vacuum conditions appeared not to change
81the catalytic activity. However, it has been suggested that the 
catalytic activity of an ultra clean surface may be so great that the 
effects of twisting may not be noticeable. It is of interest to note
82 83here, that observations by Barrett * showed that during plastic 
deformation of wires, dislocations moved towards the surface and 
remained piled up in arrays underneath surface films* During 
subsequent electrochemical dissolution of the cold worked wires, 
dislocations ran out in an avalanche, which caused sudden elongation 
of the specimens. This phenomenon has been termed *dislocation 
pop-out* by Barrett. It would be expected that on an ultra clean 
surface, dislocation pop-out would readily occur, thus reducing the 
defect concentration at the surface. It is suggested that this 
phenomenon also account for the observations under ultra high
vacuum conditions.
The inference from the above studies is that the specific activity
of a metal catalyst may be related to the presence of surface defects,
such as microstrain due to dislocations, stacking faults, etc.
However, in contradiction to the results above, carefully conducted
Sk
experiments by Jaeger et al. have indicated that there appears to be
no relationship between the concentration of surface defects and
catalytic activity for the decomposition of formic acid on thin films
of nickel. These authors observed that the rate of catalysis was
mainly influenced by the orientation of the thin films. The work 
81
of Willhoft would appear to support Jaeger*s results.
85 iif
However, observations by Lawson, using C labelled formic acid,
have shown that about 70 - 80% of the adsorbed acid is tightly held to
the surface. As a result of his observations, Lawson proposed that the
activated complex for formic acid decomposition was derived from a
chemisorbed formate ion and a physically adsorbed formic acid molecule.
+*
Under these cdjcumstances, it is considered by the author that the
catalytic effects of crystal defects on the surface would be negligible
for formic acid decomposition, since the defects are effectively 
covered and take no part in the mechanism.
Mechanisms for catalysed reactions have been proposed by 
Hideal and ELey, * '* which involve reaction between a chemisorbed 
layer of atoms or radicals, and molecules that arrive either from the 
gas phase, or from a physically adsorbed layer. In such cases, no
account need be taken of surface heterogeneity. However, there are
many cases of catalysed reactions where surface heterogeneity is known 
to have a marked effect on catalytic activity, although the relationship 
between the structure of the solid and the activity is not known.
Thus, at the present time, it is true to say that the exact 
nature and function of active centres in catalysts is still a matter 
of considerable controversy. One of the reasons for this is because 
it is difficult to measure defect structures of technically useful 
catalysts, since these are generally obtained in the powder form.
Techniques for structure determination
88In a recent review, Thomas has given a comprehensive 
discussion of the enhanced reactivity at surfaces due to the presence 
of dislocations. In this review, although a number of experimental 
methods of detecting dislocations was discussed, the method of 
X-ray line broadening analysis was omitted. This method is the only 
known method available which may be used for powder catalysts.
Most of the previous work on the defect structures of catalytic 
materials has been concentrated on the determination of particle sizesf 
and complete evaluations of defect structures have not generally been, 
carried out. The principal techniques which have been used, to 
measure particle sizes of catalysts, are electron microscopy and 
diffraction, gas adsorption measurements, small angle X-ray scattering, 
and X-ray diffraction line broadening.
The electron microscope has been used to observe dislocation
networks and stacking fault arrangements in thin films of copper and
89 96nickel. Observations by Beeck et al, using electron diffraction,
have indicated that nickel films oriented on the (110) planes had
approximately 10 times the catalytic activity of unoriented nickel films.
In this context, it is interesting that low energy electron diffraction
90studies by May and Germer indicated that the (110) surface of nickel 
underwent a stacking rearrangement in the presence of adsorbed hydrogen. 
Adsorption of hydrogen onto the (100) and (111) faces was shown not to 
affect the LEED diffraction pattern, and it was concluded that surface 
reconstruction did not occur on those planes,
91Markenthal and Schwab have used the B.E.T, gas adsorption 
method to measure the loss of specific surface area of Raney nickel 
which occurred on standing at room temperature under ethanol. The 
decrease in surface area was attributed to recrystallisation of the 
nickel particles.
92
Smith and Fusek showed that adsorption of fatty acids onto 
Raney nickel, yielded similar values of specific surface area as the 
B.E.T. method. This would appear to indicate the absence of 
micropores, however, it is known that the pore diameter of Raney nickel, 
which is a skeletal metal, is of the same order of magnitude as the 
particle size. It would therefore be expected that the two methods 
should agree.
The scattering of X-rays at small angles relies on the fact that 
the central peak becomes broader as the particle size decreases. The 
method does not depend on the internal structure of the particles,^in 
this respect it is advantageous in that it may be used for non­
crystalline substances. However, small angle scattering cannot give 
precise results when the system is composed of irregular particles,
of different compositions, sizes and shapes* The method is more
limited than the nse of Debye-Scherrer lines since it does not give
strain add faulting; however, the range of investigation of particle
size is extended to mean diameters of a few AngstrBms. Particle sizes
93of catalysts have been investigated by Jellinek and Fankuchen by the 
small angle scattering technique.
At the present time, X-ray diffraction line broadening analysis 
is the only known method available for determining crystallite size, 
together with microstrain, macrostrain, stacking and twin fault 
probabilities in powdered crystalline materials. The X-ray line 
broadening technique for strain analysis has not been extensively 
applied in cases where crystallite sizes fall much below 100 $, because 
the reflections become extremely broadened and diffuse. Much of the 
previous work on technically useful catalysts, such as supported metal 
catalysts, has been based on the application of the Schemer formula, 
to evaluate crystallite size only. Crystallite sizes in supported 
metal catalysts, of the order of 20 %. have been measured, bai no 
account has been taken of lattice strains and faultings. An advantage 
o f fthe X-ray method, is that it may be applied directly to the study of 
defects in technically useful catalyst powders. No elaborate methods 
of specimen preparation are required, and the specimen is not altered 
during examination.
19Hofer and Hintermann 7 have used the Fourier method of analysis 
to evaluate crystallite sizes and microstrains in Raney nickel catalysts, 
of very low activity, which had been annealed in the temperature range 
200 - 700 ®c. In this case, the multiple order (111) and (222) 
reflections were analysed. Stacking and twin fault probabilities were 
also determined and catalytic activity was related to crystallite size.
It was also shown that the microstrain was inversely related to the 
crystallite size* However, in view of the values of obtained
for specimens annealed below 500 °C, (35 - 90 X ) , it is probable that 
the Fourier method may have led to considerable errors in the 
evaluation of crystallite size and microstrains.
Herbstein and Smuts^ have used the Fourier method for the 
determination of defect structures of iron catalysts of relatively 
low activities. These authors also studied the structures of cold 
worked iron, in order to verify the technique for the catalysts. In 
this case, it was shown that X-ray line broadening was due to 
small crystallite size, lattice strains,and faultings on the (211) 
planes. The crystallite sizes were all well above 200 X and the 
catalysts had high lattice strains and faultings. In this case, 
the Fourier method undoubtedly gave good results, since the crystallite 
sizes were relatively large. However, the authors pointed out that 
where high angle reflections overlap, error might occur, since the peak 
profiles may be influenced by the tails of adjacent peaks, especially 
where one reflection was strong and the other weak. It was observed 
that the lattice strains in iron catalysts were inversely related to 
the crystallite size, which agreed with the results of Hofer and 
Hintermann, for the nickel catalysts.
Das et al?^ have reported on crystallite sizes, microstrains and 
faulting probabilities in platinum blacks. In this case, it appeared 
that the Fourier method had been applied to the (111), (200) and (220) 
reflections. Values of crystallite sizes in platinum blacks were 
stated to range from 30 - 150 X, depending on the method of preparing
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the catalysts, and the microstrain range was from 2 x 10 to 9 x 10 .
Stacking fault and twin fault probabilities were also determined. It
was shown that catalysts with higher defect concentrations were of 
higher catalytic activities.
Object of Present Survey
The initial object of the work presented in this chapter, was to 
determine whether X-ray line broadening analysis could be applied to 
evaluate crystallite size and microstrains in highly active metal 
catalyst powders. It was considered that the study of defects in 
Haney nickel catalysts, beyond the size range of those studied 
previously, would provide an extension to X-ray studies of plastically 
deformed powders.
The evaluation of the defect structures in highly active technical 
catalysts is of twofold interest from the chemical point of view.
(1) At the present time, there is much evidence to suggest that 
crystal defects play an appreciable part in catalytic activity.
However,there appears to be little quantitative data for defect 
concentrations in technically useful catalysts. The X-ray line 
broadening method might possibly provide a means of correlating 
activity with defect structure.
(2) Catalyst powders are generally in a metastable state, far 
removed from thermodynamic equilibrium. Thus for example, nickel 
catalysts are pyrophoric when brought into contact with air, and they 
are also susceptible to sintering at low temperatures. It is thought 
that the defect concentration may be correlated with the degree of 
metastability.
An initial survey of broadened X-ray lines, from a number of 
commercially available catalysts was made. A specimen of 3% 
palladium on charcoal was examined, and a series of Raney nickel 
catalysts, together with five year old Raney nickel and Raney nickel 
annealed at high temperatures for short time periods. Electron
microscopy and diffraction studies were carried out on the active and 
annealed Raney nickel catalysts, in order to make comparisons with the 
X-ray results.
An X-ray examination of ball-milled nickel powder was also made 
in order to compare the structure of the catalytic metal with the 
well established structure of the cold worked metal, which acted as 
a reference standard.
X-RAY EXAMINATION OF PALLADIUM SUPPORTED ON CHARCOAL
This catalyst, was a commercially available specimen, supplied 
by B.D.H. The material consisted of 5% palladium on a charcoal 
support, and was supplied in a screw cap bottle, open to the air.
X-ray examination revealed only one very diffuse reflection 
in the vicinity of the (111) peak position for palladium, as indicated 
on the ASTM powder index. The peak intensity was very weak and it 
was decided that attempts to make an analysis of the broadening for 
microstrain would not be possible.
This material was therefore not examined further
EVALUATION OF DEFECT STRUCTURES OF RANEY NICKEL CATALYSTS
EXPERIMENTAL
Materials and Preparation
Nickel powder was analaR reagent grade, supplied by Hopkin and 
Williams. The metal had been exposed to air, but did not appear to 
be coated with any appreciable oxide film.
Commercial Raney nickel specimens were supplied by B.D.H. and 
Crossfield Chemicals. The B.D.H. catalyst was pyrophoric and was 
supplied in hydrogenated wax pellets in order to prevent sintering 
and oxidation. The Crossfield Raney nickel was Nicat 101, supplied 
under water. The minimum nickel content specified was 85%, the dried 
catalyst was extremely pyrophoric in air.
Annealed Raney nickel was prepared from the stabilised B.D.H. 
catalyst. Annealing was carried out in closed pyrex glass tubes, 
under an atmosphere of oxygen free nitrogen. Two specimens were 
prepared by annealing for 30 minutes at 600 °C and 650 °C respectively.
Examination was also made of Raney nickel, which had been stored 
under water for 5 years at room temperature.
Samples of cold worked nickel powders were prepared by 
ball-milling 1 gram samples for various periods of time in an inconel 
milling pot, with a nickel plated steel ball. No attempts were made
to exclude air from the system while milling, since the X-ray line 
broadening from the milled powders was only to be used for comparative 
purposes.
X-ray examination and analysis
In order to prevent the pyrophoric catalyst powders from 
reacting with air while on the diffractometer, the following procedure 
was adapted. The catalysts were first washed with ethanol and then 
a slurry of powder was pipetted into ether. When the catalyst had . 
settled, excess ether was decanted and a 10% solution of paraffin oil 
in n-hexane was added. On evaporation of the hexane, the residual oil 
film on the catalyst prevented reaction with the air. The powders 
could then be spread out onto the diffractometer holder in the normal 
manner. Extremely flat specimens could be prepared and this permitted 
accurate positioning of the specimens in the X-ray beam. The 
specimens were scanned at i 0 per minute in 29, on a standard Philips 
diffractometer.
The X-ray line broadening was analysed by the integral breadth
Oif
method of Hall and Williamson. With the commercial and 5 year aged 
Raney nickel powders, it was observed that extensive overlapping of 
adjacent peaks occurred. The total intensity under the combined 
overlapped peaks was therefore divided up in the ratio of the 
intensities of the two peaks, as indicated on the ASTM powder index.
These ratios were confirmed by observations on the annealed Raney 
nickel specimens where much less overlapping took place. By this 
means, the integrated intensities of the individual reflections of 
very broadened peaks could be obtained. With these extremely 
broadened peaks, it was not necessary to resolve the K an(* K
t 95
doublet by Rachinger s method since the angular separation of the 
peaks was negligible when compared with the broadening. Under these 
circumstances, the K and K a^ peaks can be treated as coincident 
without causing serious error in the measurement of peak height.
For the less broadened peaks from the annealed catalysts and the cold
worked powders, the component was separated by Rachinger*s 
method. Correction for instrumental broadening was made using 
reflections from annealed nickel powder.
Electron microscope examination and analysis
Due to the pyrophoric nature of the Raney nickel, it was 
difficult to prepare specimens for examination on the electron 
microscope. Specimens for examination were eventually obtained from 
the B.D.H. stabilised catalyst, and from the same material which had 
been annealed at 650 °C for 30 minutes. All other Raney nickel 
specimens either oxidised during preparation, or caused the formvar 
film to break down. It is most probable that the active stabilised 
catalyst was prevented from reacting by residual organic coating on 
the surface. This residue, which may have been chemisorbed, did not 
give trouble during subsequent electron diffraction examination, although 
in a very few cases, diffraction spots from unidentified contaminant 
material were observed.
Raney nickel was added to a freshly prepared 15% w/v solution of 
formvar in chloroform. Dispersion of the particles was carried out 
by ultrasonic treatment for approximately -J- hour at room temperature.
The solution of polymer and metal suspension was then floated onto 
the surface of distilled water, which had been carefully freed from 
dust particles before the chloroform mixture was added. On evaporation 
of the chloroform, a thin film of formvar, containing dispersed nickel 
particles was obtained. Small pieces of the film were caught up on 
copper grids, dried, and carbon coated for examination in the electron 
microscope.
Magnification and electron diffraction examinations of the active 
and annealed catalyst powders were carried out on an English Electric 
EM6 electron microscope. Selected area diffraction patterns were 
taken together with transmission micrographs of the particles at 
x 50,000. Some particles were also photographed at x 100,000. The 
dfaki values were obtained by using a standard of thallous chloride 
deposited on diamond.
At the present time, there appears to be no standard method for 
analysing electron diffraction photographs to determine microstrain 
and crystallite size. This is because of the great difficulty in 
measuring the integral breadth or spot profile from the photographic 
plate. In addition, it is difficult to make corrections for 
instrumental broadening. In the present work, two methods were used 
to estimate crystallite size from the lateral breadths of the electron 
diffraction spots.
k X
(1) Application of the Scherrer formula, t = —  • In
|3cos0
this case, the angular broadening /3 of the reflections was measured 
with a travelling microscope. The values of (3 and 0 were calculated 
from the geometry of the diffraction process, k was taken as unity, 
the value of X was calculated to be 0.037 X from the accelerating 
voltage used for the electron beam. Since the diffracted spots were 
very broadened, it was decided that instrumental broadening was 
negligible, and therefore no correction was made for this.
(2) A method, suggested by Mr. J. Wheeler, was to use the 
ratio of the angular broadening of the spot, to the angle of reflection. 
This method, which is based on the Scherrer equation, has the 
advantage that it is independent of instrument geometry and electron 
wavelength.
A summary of the theory for this method is shown in the Appendix.
The estimated crystallite sizes of the active and annealed 
catalysts, together with the tangential spreading of the diffraction 
spots, were then used to evaluate the residual microstrain.
A summary of the relevent theory is also shown in the Appendix
RESULTS
X-ray line broadening
Figure 1 shows integral breadth plots for various specimens of 
Raney nickel and for heat treated catalysts. For comparison with 
the cold worked state, plots for nickel powder, milled for various 
times, are also shown. It is seen that the plot for the 8 hour 
milled nickel powder is very similar to that of the B.D.H. catalyst, 
which had been annealed at 650 °C for -J- hour. It was observed that 
the catalyst powders gave much broader reflections than could be 
obtained by cold working. As expected, the two specimens of highly 
active commercial catalysts gave the most broadened lines. These 
materials were found to have the smallest crystallite sizes and 
highest microstrain concentrations.
Table 1 indicates the values of crystallite size and microstrain 
concentration obtained for each of the specimens indicated in 
figure 1. It was observed that it was impossible to evaluate the 
microstrain concentration £/jqq for the highly active Raney nickel 
catalysts. Values of have been estimated from the integral
breadths of the (200) reflection, using the Scherrer formula. In all 
cases, D^0q appeared to be considerably smaller than The other
observation was that for a given value of crystallite size, the 
value of the microstrain was smaller for the catalyst and larger for 
the ball-milled powder.
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B.D.H. stabilised 
Raney nickel.
Crossfield 
Nicat 101.
Raney nickel 
stored 5 years 
at room temp.
B.D.H. stabilised, 
annealed hour 
at 600 °C.
B.D.H. stabilised, 
annealed hour 
at 650 °C.
Nickel powder
Milled 8 hours 
Milled 2 hours. 
Milled 10 min.. 
Milled 2 min. 
Milled 1 min..
0 0.2 0 A 0.6
c r 1 )
0.8 1.0 1.2
Figure 1 Integral breadths of Raney nickel and ball-milled
nickel.
Specimen D100 G 100 D111 G111
X x 10~3 X x 10~3
Nickel powder
Milled 1 min. >1000 1.00 >1000 0.92
Milled 10 min. 510 1.00 =*1000 1.10
Milled 20 min. 360 2.76 870 1.89
Milled 2 hours. 380 3.50 720 2.15
Milled 8 hours. 160 3.76 250 2.68
Catalyst powder
Raney nickel 
annealed 20 min.
at 650 °C.
109 1.68 197 2.94
Raney nickel 
annealed 20 min.
at 600 °C.
85 7.65 148 6.18
Raney nickel 
aged 5 years.
65 14.0 148 6.97
Crossfield 
Nicat 101.
*
44 - 67 5.05
B.D.H.
stabilised
catalyst.
*
25 - 64 11.2
Table 1 Values of crystallite size and microstrain for Raney nickel 
catalysts and ball-milled nickel powders.
*
( estimated value of from the Scherrer formula).
Electron microscopy and diffraction
Plates 1 and 2 show micrographs of active Raney nickel and the same 
catalyst which had been annealed at 650 °C for -J- hour. Electron 
diffraction patterns for selected areas of these specimens are shown in 
plates 3 and 4. In each case, particles have been selected giving 
(220) reflections, which were the most clearly defined spots, this was 
considered to provide the best comparison.
Examination of the micrographs of both active and annealed 
catalysts indicated that in each case the surface was nodular. The 
skeletal nature of the metal can be clearly seen in both specimens.
Each nodule is probably a single domain, it is seen that the average 
domain size is considerably larger in the annealed catalyst. Plate 2 
shows that although sintering has taken place, the skeletal nature of 
the particles appears to have been preserved, even after annealing 
at 650 °C for 4  hour.
The electron diffraction patterns show that the particles in 
plates 1 and 2 are essentially single crystals of diameter approximately 
0.1 micron. In many cases, the diffraction patterns indicated that 
the particles were agglomerates of several crystals. The electron 
diffraction spots from both specimens generally showed a marked radial 
broadening, and also considerable tangential broadening. Thus, the 
reflections consisted of broadened arcs, which arose due to preferred 
orientation of the crystallites in each single crystal. This 
orientation may be considered to give rise to strained regions in the 
vicinity of the domain boundaries, which may be regarded as arrays of 
dislocations. The average tangential broadening obtained with the 
active catalyst particles was observed to be approximately 10 °, whereas 
with the annealed catalyst the spread was 3 °« These values have been
used, in conjunction with the respective crystallite sizes, to 
evaluate the microstrain in the active and annealed catalysts*
All the as received particles examined showed approximately the 
same extent of arcing, which indicated that the Raney nickel was a 
very uniform powder* However, the diffraction spots from the annealed 
catalyst particles showed much more variation in breadth and shape, 
which indicated that the annealed particles were themselves more varied 
in structure#
Values of crystallite size and microstrain calculated by 
different methods are shown in table 2.
Method
of
Analysis
Specimen
As received Annealed -J- hour @ 650 WC
D111 I)220
111 D220
Scherrer 
equation 
on electron 
diffraction 
spot breadths
58 56 60 100
Formula 
derived by 
J* Wheeler
50 70 100
X-ray
integral
breadths
6k 71 197 1 ko
Microstrain
From X-ray 
line 
broadening
c = 0.012 
M11 C = 0.00251 u av
From electron 
diffraction 
arcs
c = o.oi;7
5-av
c = o.oogo -
tav
Table 2 Summary of crystallite size and microstrain obtained by 
analysis of electron diffraction spots and by integral 
breadth analysis of X-ray reflections.
sCSHflB' jHRk
Plate 1
As received B.D#H« Raney nickel 
x 100,000
Plate 2 
Raney nickel after heat 
treatment at 650 °C for ^-hour, 
x 100,000
Plate 3 Plate k
Selected area electron diffraction Selected area electron diffraction
pattern from particle in plate 1. pattern from particle in plate 2.
CONCLUSIONS
It is observed that the defect concentrations obtained in the 
Raney nickel catalysts are far greater than can be induced into nickel 
powder by ball-milling. However, for a given crystallite size, the 
residual microstrain in the milled powder was greater than in the 
catalyst. This is thought to be due to the presence of impurities in 
the catalyst particles, which can accumulate at the dislocations and 
thereby lower the strain in the lattice.
It is interesting to note that the observed ratios of 
D I ^111 ® k°ur milled, annealed Raney nickel, and 3 year
old Raney nickel, are approximately 1 : 1.76. This is very close to 
the value of the ratio for domains of cubic shape. Thus,it might 
suggest that the domains of the highly active catalysts are of cubic 
shape.
The X-ray method, using integral breadth analysis, has clearly 
established that residual microstrains exist in high concentration in 
active Raney nickel, since even the annealed catalysts have been 
observed to have microstrain concentration of the same order as that in 
very heavily cold worked metal powder. The integral breadth method 
of analysis would appear to be the most suitable method of evaluating 
the extremely broadened reflections from the highly active catalysts. 
Other analytical methods were attempted but met with little success 
since both high and low angle reflections overlapped considerably.
The electron diffraction pattern for active Raney nickel is very 
similar to the pattern obtained for evaporated thin film nickel?^
Good correspondence has been obtained between the electron diffraction 
analysis and the X-ray analysis for crystallite size and microstrain.
The analyses of the electron diffraction spots give lower crystallite 
sizes generally because no allowance has been made for instrumental 
broadening. As expected, the less broadened electron diffraction 
spots, from the annealed catalyst particles, gave rise to the greatest 
difference between the two methods*
It was observed that attempts to prepare specimens of Crossfield 
Raney nickel for electron microscopy were unsuccessful. In addition 
to the film flotation method, an atomiser spray technique was used.
In each case, the nickel particles oxidised and the formvar film was 
observed to break down. It is suggested that stabilised specimens of 
more highly active catalysts might be prepared by protection of the 
particles with an oil coating.
It is concluded that Raney nickel consists of a skeletal network 
of particles. This network is presumably formed during the period of 
dissolving the aluminium from the Raney alloy. This type of dendritic, 
hopper structure is often observed to form when rapid crystallisation 
takes place from the liquid or gas phase. However, at the present 
time there appears to be no information about the rate of crystallite 
growth during the preparation of Raney nickel.
It would appear that the high microstrain concentration is 
connected with the low angle boundaries between the crystallites which 
make up the skeletal network. The stability of the low angle 
boundaries is undoubtedly due to impurity atoms, which give rise to 
a smaller microstrain concentration for given crystallite size in the 
catalyst powders.
CHAPTER 5
EVALUATION OF DEFECT STRUCTURES OF RANEY COPPER, RANEY NICKEL AND 
PLATINUM CATALYSTS PREPARED BY DIFFERENT METHODS AND THE STUDY OF 
THE AGING OF A HIGHLY ACTIVE RANEY NICKEL
INTRODUCTION
The preliminary work, described in the previous chapter, showed 
that the defect concentrations in Raney nickel catalysts were much 
higher than could be achieved by ball-milling of metal powders. It was 
also shown that the defect concentration was lower in catalyst which 
had been aged for 5 years at room temperature. Annealing for short 
periods at temperatures well below the recrystallisation temperature 
of the cold worked metal markedly reduced the defect concentration in 
the catalyst.
However, the specimens under examination were commercial catalysts, 
of different origins and unknown past histories. It was therefore 
decided that further studies would be better carried out on catalysts 
of known origin, prepared under standard conditions.
Raney nickel catalysts of widely differing stabilities and 
activities have been obtained by different workers, who varied the 
conditions of preparation and pretreatment of the catalysts. Similar 
results have been found with Raney copper, catalysts of different 
activities being prepared by digestion of copper-aluminium alloy, or 
Devarda*s alloy, under different conditions. The various procedures 
for the preparation of Raney nickel and copper catalysts of different 
activities differ from one another in the method of adding the alloy to 
the sodium hydroxide solution, in the temperature and time of digestion
of the alloy, and in the method of washing the catalysts. It has 
been observed that long digestion periods and high digestion 
temperatures result in catalysts of lower activities.
It has also been observed that the catalytic activities of Raney 
nickel and Raney copper catalysts decrease on aging, the loss of 
activity being greater when aging was carried out at higher temperatures. 
Loss of activity has been shown to be particularly rapid for Raney 
nickel catalysts of very high activities, where the special activity 
is lost after standing for a few weeks at room temperature.
In this chapter, a study has been made to show how■variation of 
the time and temperature of digestion of the Raney alloy affects the 
microstrain, crystallite size and stacking fault probability in both 
Raney copper and nickel. In addition the aging processes have been 
observed in a highly active Raney nickel, stored under ethanol at 
room temperature.
Specimens of spongy platinum and platinum blacks have also been 
prepared by various methods and X-ray examination carried out to 
determine crystallite sizes and microstrains in these materials.
Spongy platinum was chosen because it is a relatively inactive catalyst, 
and it was considered that there would not be excessive crystallite 
broadening in this case.
LITERATURE SURVEY
For convenience in reference, Raney nickel catalysts prepared by
97different methods have been classified by Adkins and Krsek, who have 
compared the catalytic activities of various types by measuring the 
rates of hydrogenation of /3-naphthol. Catalysts have been designated 
W18? W288 W3?° W489 W5?1 W6?1.W7?1 W8?2 W1 Raney nickel is least 
active and is of similar activity to W8, the W2 variety is considerably 
more active than W1 and is the most commonly used variety. The 
activities of W3, W*f, W3 and W7 are very similar and are higher than W2. 
V/6 is the most active catalyst, being comparable with platinum or 
palladium under mild conditions. The high activity is believed to be 
due to the washing procedure, which is carried out under hydrogen.
97Adkins and Krsek have determined the approximate relative 
activities of the W1, W2 and W*f varieties by reduction of /3-naphthol, 
which at S.T.P. required 2^ -0 minutes with W1, but 15 minutes with W2, 
and only 7 minutes with the W*f catalyst. The increased activity of 
the \lk variety was thought to be due to the continuous washing
i
procedure, out of contact with air. The W3 - W7 varieties lose their 
high activities when stored for more than a few weeks at room 
temperature. The W2, W1 and W8 varieties can however be stored for a. 
considerable time, especially at low temperatures, without appreciable 
loss of catalytic activity.
98Augustine has published a summary of the methods of preparation 
and the relative activities of Raney nickel catalysts. This shows 
that high digestion temperatures, and long periods of digestion of 
the alloy in the sodium hydroxide solution, cause the catalytic 
activity of the catalyst to be reduced.
99Stanfield and Robbins have investigated the effects of varying 
the conditions of preparation on the activity of Raney copper. These 
authors investigated the effects of (a) the nature of the original 
alloy, (b) the temperature and time of digestion of the alloy in the 
sodium hydroxide solution, and (c) the manner of washing the catalyst. 
In addition, the reduction of catalytic activity resulting from the 
aging of Raney copper was also investigated. It was shown that 
digestion of the Raney alloy at high temperatures, and for longer time 
periods, reduced the activity of the Raney copper. The particle size 
of the original alloy was shown to have little effect on the activity 
of the resulting catalyst.
Investigations into the aging of Raney nickel W5 have been
91carried out by Markenthal and Schwab, who studied the loss of specific
surface area which occurred on standing under ethanol at room
temperature. The specific surface area was measured by the B.E.T.
gas adsorption method, it was shown that the area dropped from 
2 2120 m /gram to 70 m /gram over a 7  month period. It was also shown 
that heating the catalyst to 90 °C for a short time caused the surface 
area to decrease more quickly. The decrease in specific surface area 
was stated to be due to recrystallisation of the nickel particles.
The effect of particle size on the catalytic activity of 
unsupported platinum catalysts has been reported by B.N. Das et a l 2 ^  
These authors measured particle sizes by electron microscopy, the 
B.E.T. method and also X-ray diffraction line broadening. An 
interesting feature that emerged was that freshly prepared platinum 
black, of crystallite size 31 2, had microstrain 8 x 10"**, whereas 
a commercial sample, presumably aged, had crystallite size of 60 2 
and microstrain was 2 x 10 .
DEFECT STRUCTURES OF RANEY COPPER AND RANEY NICKEL
EXPERIMENTAL
Preparation of catalysts 
Raney copper
These specimens were prepared from Devarda,s alloy {b3% Cu,
30% Al, 3% Zn, supplied by B.D.H.), following the procedures used by
99Stanfield and Robbins; 10 grams of the alloy powder were slowly 
added to 12.5 grams of sodium hydroxide in 50 ml water at 0 °C.
Since the Devarda’s alloy produced a diffraction line very close to 
the (111) line of Raney copper, it was necessary to digest the alloy 
for longer periods than those used in Stanfield and Robbins1 
procedure. The alloy was digested under the following conditions , to 
give five specimens of catalyst. (a) 5 hours at 128 °C, (b) 5 hours
at 95 °C. (c) 5 hours at 70 °C, (d) 15 hours at b3 °C and (e) 2b hours 
at 25 °C• The mixture was agitated occasionally during digestion.
After digestion, the catalysts were washed by decantation with distilled 
water until the washings were free from alkali. The catalysts were 
then transferred to a centrifuge tube and washed 5 times with 50 ml 
93% ethanol, followed by centrifuging, and then 3 times with 30 ml 
absolute ethanol, after which they were stored at 0 °C under absolute 
ethanol. X-ray examination was carried out within 2b hours of 
preparation. The colour of the copper catalysts varied from black 
for the low temperature prepared material, to dark brown for the 
catalyst prepared at the highest temperature.
Raney nickel W4, 1/5« W6 and W7
Catalyst W*f was prepared after the procedure of Pavlic and
69Adkins. To a well stirred solution of 12.5 grams of sodium hydroxide 
in 50 ml water, was added 10 grams of Raney nickel alloy,at such a 
rate as to maintain the temperature at.50.+ 2 °C. After addition 
was completed, the mixture was digested in a water bath at 50 °C for 
an additional 50 minutes, with occasional gentle stirring. After 
digestion, the catalyst was washed several times with water by 
decantation and transferred to a graduated cylinder. The cylinder was 
fitted with a glass stirrer and placed in a trough from which the 
overflow water could easily be removed. Distilled water for washing 
was added through a glass tube, which extended to the bottom of the 
cylinder. The stirrer was set at such a rate that the catalyst was 
suspended to a depth of approximately the height of the column of 
water. Washing was stopped when the wash water was neutral to litmus. 
The catalyst was transferred to a 100 ml centrifuge tube and washed 
3 times with 50 ml portions of 93% ethanol, the suspension being 
stirred and not shaken in order to minimise the contact of the catalyst 
with air. The mixture was centrifuged after each washing. Finally, 
the catalyst was washed with 3 x 30 ml portions of absolute ethanol, 
and then it was stored under ethanol, out of contact with air at 0 °C.
In addition, further specimens of Raney nickel were made, following 
the procedure for the W4 catalyst, but with variation of the digestion
time. The digestion times were 1 hour, 2 hours, 5 hours and 24 hours
respectively.
Catalyst V/5 was prepared in a similar manner to W4, the only 
difference being that 10 grams of alloy were dissolved in a solution 
of 13 grams of sodium hydroxide in 50 ml water.
Catalyst W? was prepared as above, with the omission of the
continuous washing procedure. The nickel, after digestion, was
washed with 3 x 100 ml portions of distilled water and then transferred 
to the centrifuge bottle for the ethanol washes.
Catalyst Y/6 was prepared by bubbling hydrogen through the water 
in the graduated cylinder, during the continuous washing process.
The catalyst was otherwise prepared as above.
Raney nickel W2
Two specimens of the V/2 type catalyst were prepared following
68the procedure of Mozingo. 15 grams of Raney nickel alloy were added 
in small portions to a solution of 19 grams sodium hydroxide in 75 ml 
water, cooled to 10 °C in an ice bath. Addition was made at such a 
rate that the temperature of the mixture did not exceed 25 °C. After 
addition was completed, the mixture was allowed to come to room 
temperature, and when hydrogen evolution diminished, the alloy was 
digested on a steam bath at 75 °C. The volume of the solution was 
maintained constant by periodic addition of small quantities of water. 
After digestion, the nickel was allowed to settle, the aqueous solution 
decanted, and the nickel catalyst washed by decantation with 2 x 100 ml
portions of distilled water, after which it was transferred to a 100 ml
graduated cylinder, using distilled water. The water was then poured 
off and replaced by a solution of 2.5 grams sodium hydroxide in 25 ml 
water. The nickel was suspended in the base, allowed to settle, and 
the base removed. The catalyst was then washed by decantation with 
water until the washings were neutral to litmus, and then washed an 
additional ten more times to remove as much alkali as possible. The 
washing process was repeated with 3 x 50 ml portions of 93% ethanol, 
and then with 3 x 30 ml portions of absolute ethanol. The catalyst 
was stored under ethanol at 0 °C, out of contact with air. The two
specimens of catalyst W2 were obtained by digestion of alloy for
6 hours and 20 hours respectively.
Raney nickel V/1 and W8
Catalyst V/1 was prepared by digesting Raney alloy at 115 - 120 °C 
for 4 hours, following the method of Covert. 10 grams of alloy 
were slowly added to a solution of 10 grams sodium hydroxide in 
40 ml water. The mixture was surrounded by an ice bath during the 
addition of the alloy. When hydrogen evolution had diminished, the 
mixture was heated on a hot plate at 115 - 120 °C for 4 hours. A 
further 13 ml of 19% solution of sodium hydroxide was added during the 
digestion period, and the mixture was occasionally shaken. After 
digestion, the mixture was diluted to a volume of 100 ml, and after 
the nickel had settled, the clear solution of sodium aluminate was 
decanted and the nickel was washed by further decantation with water, 
until the washings were neutral to litmus. The nickel was then 
washed with 3 x 50 ml portions of 93% ethanol, and then with absolute 
ethanol, as described in the previous preparations. The catalyst 
was kept under ethanol at 0 °C, out of contact with air.
Catalyst W8 was prepared by digesting the Raney alloy at
O  *70
100 - 105 C for 4 hours, following the procedure of Khani This 
method is identical with Covert*s method except for the lower 
digestion temperature.
X-ray examination and analysis
All catalysts were examined by X-ray diffraction within 24 hours 
of preparation. Raney copper specimens were conveniently scanned at 
£ ° per minute in 20 • In other respects, X-ray examination and 
analysis was as described for Raney nickel in Chapter 4. Stacking 
fault probabilities were calculated from the displacements of the 
(111) and (200) peaks, using the method described in Warren*s paper?^
Examination of the aging process in Raney nickel
Raney nickel was stored under absolute ethanol, out of 
contact with air, at room temperature. X-ray examinations were 
carried out over a period of 6 months at monthly intervals.
RESULTS
The effect of digestion conditions on the crystallite size, microstrain 
and stacking fault probability of Raney copper and Raney nickel
Raney copper
* *Figure 1 shows the plots of pc against d for Raney copper 
specimens obtained by digestion of Devarda*s alloy at different 
temperatures and times* The integral breadths of these specimens are 
approximately ten times larger than those of ball-milled copper powder 
specimens, described in Chapter 1. All the integral breadths could be 
measured, with the exception of the (400) reflections from the specimens 
prepared at the two lowest temperatures. In these cases, the reflections 
were too broad for reliable measurement, since the intensity of the 
(400) reflection is rather small. An estimate of the error of the 
integral breadths is included in the plots.
Values of crystallite size, microstrain and stacking fault 
probability for Raney copper specimens are shown in table 1. It is 
seen that as the digestion temperature was raised, the crystallite size 
increased and the raicrostrain and stacking fault probability diminished. 
The stacking fault probability decreased to negligible values in the 
higher temperature prepared catalysts. It is interesting that the 
crystallite sizes of the Raney copper catalysts v/ere much smaller than 
were achieved by ball-milling copper powder. It is also noteworthy 
that the microstrain for a given value of crystallite size was smaller 
in the catalyst powders than in the ball-milled powders(see table 3 t P«41)
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Figure I The effect of digestion temperature and time on the 
integral breadths of Raney copper.
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Raney nickel
Figure 2 indicates the experimentally measured X-ray reflections 
(111) and (200), obtained from Raney nickel specimens W1, W2 and W6.
It is seen that there was considerable broadening of the reflections, 
and as a result, extensive overlapping occurred.
Figure 3 shows plots of p* against d* for Raney nickel specimens 
W1 - W8. It was observed that the results paralleled those obtained 
with Raney copper. However, the reflections were far more broadened, 
and as a result, in most cases it was not possible to measure the 
relatively weak (4-00) reflections at high angles. In addition, the 
excessive broadening led to increasing error in the evaluation of the
♦ age
integral breadths, the errors have been indicated on the pc v d plots. 
Since the values of pc obtained for specimens W4 - W7 were very 
similar, a representative plot has been made for these cases. Values 
of crystallite sizes, microstrains and stacking fault probabilities 
for various catalysts are shown in table 2f below.
Specimen type and digestion 
conditions
D111
8 .
^111 StackingFault
Probability
Of
Y/1, 4 hours at 115-120 °C.. 81 5.6 x 10"^ 0.036
Y/8, 4 hours at 100- 105°CL 72 5.7 x IQ-*' 0.036
W2, 6 hours at 75 °C• 53 9.5 x 10-3 0.089
W4 -W7, 50 mins. at 50 °C. 36 15.0x io-3. 0.152
Table 2 Effect of digestion conditions on microstrain, crystallite 
size and stacking fault probability of Raney nickel.
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The relationship between digestion time and defect structure of Raney nickel
Two experiments were carried out in order to investigate the
changes of structure which occurred in Raney nickel, when the time of
digestion was varied with the temperature remaining constant. In the
first experiment, specimens of type W*f catalyst were prepared by
digestion of alloy at 50 °C for 1, 2, 5 and hours. In the second
experiment, two catalysts of the W2 type were prepared by digestion of
alloy at 75 °C for 6 hours and 20 hours. The plots of B* against d*» c
for the various specimens are shown in figure 4, and the results 
obtained for crystallite size, microstrain, and stacking fault 
probability are shown in table 3* It was observed that the time 
of digestion had relatively little effect on the magnitude of 
over the time periods considered, although there was a considerable 
decrease in the microstrain and stacking fault probability. The 
X-ray examination also indicated that a relatively large change took 
place in the broadening of the (200) reflection, indicating that the 
value of had nearly doubled over the 2.k hour period, in the case
of the V7*f type catalyst. The changes were much smaller for the 
W2 catalyst.
It would appear that acquired a metastable value relatively
quickly, within the f£.t hour of the digestion period, thereafter, it 
remained fairly constant with time at constant temperature.
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Figure b Effect of varying digestion time at fixed
temperature on integral breadths of Raney nickel.
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The relationship between digestion temperature and defect structure
of Raney copper and Raney nickel
The observed data for Raney copper and nickel indicated that the 
digestion temperature had the greatest influence on the value of 
Corresponding changes were observed with tlie caBe Raney
copper, so it is to be expected that would change similarly in the
case of the nickel catalyst. It was also observed that the 
microstrain and stacking fault probability decreased considerably 
with increasing digestion temperature. Figures 5 and 6 show the 
relationship between the digestion temperature, (for periods of b-6 hours) 
and the defect structures of both metals. The observations indicated 
that for both catalysts, the microstrain was inversely related to the 
crystallite size, whereas microstrain and stacking fault probability 
were directly related.
It was found that a linear relationship existed between LogD and
the reciprocal of the digestion temperature. Figure 7 shows plots of
kog an<* k°S aSains-t 1/Absolute temperature. The slopes of
these plots are similar for both metals, and it is thought that the
slopes may be used to evaluate approximate activation energies, for the
early stages of crystallite growth in the <111^ an& <100> directions.
Strictly speaking, the activation energy should be derived from a plot
of Log (rate of crystallite growth) against 1/T. However, the work
described in the previous paragraph showed that negligible change of
occurred after 1 hour, and D^qq only changed slowly. The values
of activation energies obtained for crystallite growth in the <111>
and <100> directions are 2.9 kcal.mole for Raney copper and 
-12.2 kcal.mole for Raney nickel. Although these values are
approximate, the fact that the slopes are similar for both and
appears to substantiate the use of Log D to obtain activation energies.
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Figure 5 Relationship between digestion temperature and 
crystallite size, microstrain and stacking 
fault probability in Raney copper.
Mi
cr
os
tr
ai
n
•H
rH•H
-  c}
‘H
III
O
o wM
•HHr-i •H
100
-p
o
in
CM
o
425300 400375
Temperature (degrees Absolute ) 
Figure 6 Relationship between digestion temperature and
crystallite size, roicrostrain and stacking fault 
probability in Raney Nickel.
(digestion times 4 - 6 hours). D10o from Scherrer
Equation.
Lo
g 
( 
cr
ys
ta
ll
it
e 
si
ze
) 
1
0
m
I,
0 
1.
5 
2.
0
Raney oopper
m
CM Raney nickel
2.5 3.0
(i/T °k ) X IO3
Figure 7 Relationship between Log ( crystallite size) and
10
reciprocal temperature.
The aging of Raney nickel V/4 stored under ethanol at room temperature
X-ray examination of Raney nickel V/4 during aging over a
6 month period indicated that a fairly rapid decrease in 6 , ^  occurred
with time. After one month, 6 m  changed from 15 x 10 to 
-35.5 x 10 . Thereafter, the value of microstrain remained essentially
constant during the remaining period. Only a small increase took 
place in the value of » b«.fr a considerable increase in 
^100 occurred* actual value of D^qq could not be determined
since it was not possible to measure multiple order peaks, however, 
examination of the broadening of the (200) reflection indicated that 
the value of had increased by approximately k0% over the 6 month
period.
Values of crystallite size, microstrain and stacking fault 
probability obtained during aging are shown in table 4.
Aging
period
D111
t
6 m Stacking
fault
probability
a
As prepared 37 15 z-10-3 0.169
1 month 37 5.5 x 10"5 0.143
2 months 38 5.0 x 10~5 0.135
4 months 38 5.0 x 10~3 0.130
6 months 42 5.0 x 10~5 0.123
Table 4 Changes of defect concentration during aging of Raney 
nickel W4, under ethanol at room temperature.
DISCUSSION AND CONCLUSIONS
There were close similarities between the v. d plots for 
Raney copper and Raney nickel, bu.V the broadening of the X-ray 
reflections was far higher in the cases of the Raney nickel catalysts. 
The crystallite size of the Raney nickel was observed to be considerably 
smaller than that of Raney copper prepared at similar temperature.
There was also a corresponding difference in the magnitude of the 
microstrain and stacking fault probability.
The effect of the digestion temperature on the crystallite size, 
microstrain and faulting was very marked, and of a similar form for 
both Raney copper and nickel, as can be seen from figures 5 - 7.
The rates of crystallite growth and strain relief were very fast 
initially, but slowed quickly as growth proceeded. The sensitivity of 
the structure to temperature change, exhibited by the catalysts, was 
not observed with cold worked copper and nickel. These do not begin 
to anneal rapidly until they attain the recrystallisation temperature.
Variation of the digestion period of the alloy, at fixed 
temperature, appeared to have little effect on the value of 
which remained essentially constant during the period of observation.
The results (table 3) might even suggest that a small decrease in 
took place, while increased in size. There was a considerable
decrease in the microstrain and stacking fault probability in the case 
of the highly active W4 catalyst. It is seen that the V/4 catalyst is 
much less stable than the W2 catalyst, which retained its structure for 
24 hours at 75 °C. It is interesting that both the W4 and V/2 catalysts 
had similar defect concentrations after 24 hours of digestion. It is 
concluded that the catalysts very quickly become more stable as the 
concentration of defects falls.
The studies of the aging of Raney nickel V/4 showed that this 
had essentially the same effect as digestion of alloy for longer time 
periods. The changes observed v/ere (1) a large, initially rapid 
decrease in and also a decrease in a towards more stable values f
(2) a considerable increase in and presumably a corresponding
decrease in C^qq* during the 6 month period was observed
to undergo little change. It is suggested that the rapid decrease 
in account for the rapid reduction of catalytic activity,
which is observed to take place with the V/4 catalyst. It is interesting, 
that the stable value of microstrain, obtained after 1 month, correspon­
ded with the value obtained for the commercial Crossfield catalyst, 
which had not been stabilised, whereas the value of microstrain in 
the B.D.H. stabilised catalyst was much higher*
91Markenthal and Schwab showed that the B.E.T. surface area of 
catalyst V/5 decreased by 40% in 6 months, when stored under ethanol at 
room temperature* The observations in the present work indicated that 
increased by b0% over the corresponding period* Although specific 
surface area and crystallite size are not strictly comparable, the 
observations are in general agreement, with regard to the trend.
Although the highly active catalysts are much less stable than 
the cold worked metals, they sustain much smaller crystallite sizes 
and higher microstrains and faultings than can be achieved by cold 
working of copper and nickel pov/ders. It is suggested that impurities 
may play a part in the observed behaviour, since it is known that 
impurity atoms can lock in dislocations. A possible explanation is 
that adsorbed hydrogen, which exists in Raney nickel in large quantities, 
may prevent easy motion of dislocations in the vicinity of the surface.
82 83This phenomenon has already been observed by Barrett * for thin 
oxide films on the surfaces of metals. Alternatively, aluminium
might serve to stabilise the particles. However, annealing processes 
occurred readily under ethanol, where the aluminium content remained 
constant, so it may be considered that the stability is not directly 
related to the aluminium concentration. The annealing processes might 
be considered to be due to diffusion of matrix metal atoms, but# it 
is difficult to conceive that would remain constant if this were
the case.
There are several experimental observations which support the
suggestion that hydrogen is involved in stabilising the small
crystallite size and large defect concentrations in Raney nickel.
90Recent LEED studies by May and Germer have shown that adsorption of
hydrogen onto the (110) face of single crystal nickel, caused a
rearrangement of the packing of the nickel atoms on the surface.
This rearrangement constitutes a stacking fault which will prevent
easy motion of dislocations in the vicinity of the surface, and thereby
impede annealing processes. The second observation is by Heyward 
101et al., these authors observed that the activation energy for
desorption of hydrogen atoms from nickel surfaces, at low temperatures,
*■*1ranges from 0.8 - 2.4 kcal.mole . These values correspond closely
with the activation energy for crystallite growth, observed in the
present work. Finally, the observations in the present studies
showed that defect concentrations in Raney nickel were much higher
than the concentrations in Raney copper, prepared at similar temperature.
This could be due either to the relatively higher recrystallisation
temperature of nickel, or to the higher affinity of nickel for
102hydrogen. Taylor and Burns give the following values of the 
volume of hydrogen absorbed by 1 volume of copper and nickel, these 
are 0.05 and 4.15 respectively, at 25 °C. This would also point to 
hydrogen as the stabilising factor in Raney metals.
| (J
Herbstein and Smuts used the Fourier method of line broadehing
analysis to measure defect concentrations in relatively inactive iron
catalysts and cold worked iron. This work showed that high
microstrain concentrations existed in the chemically prepared catalysts,
although for a given crystallite size, the microstrain in the catalysts
19was smaller than in the cold worked iron. Hofer and Hintermann
also used the Fourier method for the evaluation of defects in annealed
Raney nickel catalysts. The Fourier method depends on accurate
measurements of peak profiles, in order to yield reliable measurements
of crystallite size and microstrains. A disadvantage is that small
crystallite size, in highly active catalysts, leads to excessive
Cauchy broadening in the peak tails, and for reflections at high
angles, the peak profiles may be distorted due to overlapping of the
tails of adjacent peaks. In the present work, it was observed that
the (222) peak overlapped extensively with the (311). An illustration
of the effect of overlap, at low angles, is seen in figure 2. It is
considered that under these circumstances, the best method of analysis,
which can be applied at the present time to very active catalysts,
of small crystallite size, is the integral breadth method. This
method is much less sensitive to the effects of the peak tails.
94The analytical method of Williamson and Hall was chosen for the 
analysis of broadened lines from Raney copper and Raney nickel, since 
this method assumes a Cauchy distribution of intensity in the peak 
profiles. This is considered to be the best technique for analysis 
when crystallite size is the major cause of broadening.
The results obtained in the present work correspond with those
19obtained by Hofer and Hintermann, who examined much less active
catalysts. Similar trends are shown between the temperature of
preparation and defect structure. The results also agree with these
18authors, and also with Herbstein and Smuts in that crystallite size
and microstrain are inversely related. The values of stacking fault 
probability, in the present work, are in good agreement with the values 
expected from the results of Hofer and Hintermann. Examination of 
the defect structures of the nickel catalysts, in both the present 
and previous work, indicate that the more active catalysts have higher 
defect concentrations, b u .tr these catalysts have considerably 
lower stabilities.
The results also agree with those of Das et all^ in that 
aged catalysts appeared to have smaller microstrain for a given value 
of crystallite size. This also might suggest that desorption of 
impurities such as hydrogen, play a part in strain relief.
EVALUATION OF DEFECT STRUCTURES OF PLATINUM CATALYSTS
SPONGY PLATINUM
EXPERIMENTAL
Preparation of ammonium chloroplatinate
Scrap platinum (15 grams) was dissolved in excess aqua regia 
by refluxing the metal with the acid for several days. The solution 
was concentrated by evaporation, and small quantities of concentrated 
hydrochloric acid were added during evaporation in order to eliminate 
oxides of nitrogen. The solution of chloroplatinic acid and excess 
hydrochloric acid was then evaporated several times, with small additions 
of distilled water. The concentrated solution of chloroplatinic acid 
was added to excess saturated solution of ammonium chloride to 
prcipitate the ammonium chloroplatinate. The precipitate was 
centrifuged and washed with 2 x 10 ml portions of distilled water.. 
Finally, the product was dried in a dessicator over calcium chloride.
Preparation of spongey platinum
A preliminary thermogravimetric examination was carried out on 
a Stanton thermobalance. This showed that the platinum salt commenced 
thermal decomposition at just below 500 °C, the decomposition proceeding 
more quickly as the temperature was raised. As a result of this 
examination it was decided to prepare specimens of platinum sponge by 
ignition of the ammonium chloroplatinate in silica crucibles for the 
following times and temperatures. (1) 5 hours at 300 °C, (2 )  15 mins.
at 500 °c , (3 )  15 mins. at 700 °C, and (4) 15 mins. at 700 °C followed
by 3 hours at 1100 °C.
The procedure used in (4) was because at temperatures greater
than 800 °C, the decomposition reaction was very exothermic and the 
platinum melted in the crucible. Beyond 1100 °C, the platinum powder 
was observed to sinter.
X-ray examination and analysis
The X-ray examination was as described previously for ball-milled 
copper powder. The line broadening was analysed by both the 
Hall-Williamson method and the Wagner-Aqua method, since the specimens 
were observed to have crystallite sizes greater than 600 8. It was 
thought that it would be interesting to compare the results obtained 
by each method of analysis.
RESULTS
The results of the thermogravimetric analysis are shown in 
figure 8. The ammonium hexachloroplatinate commenced decomposition 
at 260 °C, and was observed to decompose at faster rates at higher 
temperatures. A very small weight loss was observed below 100 °C.
This might have been due to residual moisture, since the loss was less 
than 1 milligram. Decomposition was quite slow, even at 4f>0 °C 
decomposition was still taking place.
Figure 9 shows the quadratic integral breadth plots obtained 
for specimens of platinum sponge, prepared at various decomposition 
temperatures. The results obtained for crystallite sizes and 
microstrains are shown in table 5 and table 6.
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Figure 8 Thermogravimetric analysis of ammonium chloroplatinate.
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Figure 9 Quadratic integral breadths for platinum sponge, prepared by
ignition of ammonium chloroplatinate at different temperatures
Specimen Preparation 
Ignition Time/Temp.
D100
X
€100
x 10~5
D111 
X
€ 111 
x 10-5
15 rains, at 700 °C, 
then 3 hours at 1100°C.
730 0.73 700 0.36
15 mins. at 700 °C. 710 1.14 700 1.00
15 rains, at 500 °C. 840 2.20 700 1.48
5 hours at 300 °C. ~1000 2.38 700 1.33
Table 5 Crystallite sizes and raicrostrains for platinum sponges,
prepared at various temperatures. (Wagner-Aqua analysis).
Specimen Preparation 
Ignition Time/Temp.
D100
X
€100
-3
X 10 ^
D111
2
€ m
x 10 ^
15 mins. at 700 °c 
then 3 hours at 1100 °C.
^1000 0.40 620 nil
15 mins at 700 °C. >1000 1.70 770 0.65
15 mins. at 500 °C. >1000 2.05 >1000 1.25
5 hours at 300 °C. >1000 2.50 >1000 1.58
Table 6 Crystallite sizes and microstrains for platinum sponges,
prepared at various temperatures. (Hall-Williamson analysis)
PLATINUM BLACK FROM ADAMS' PLATINUM OXIDE103
EXPERIMENTAL
The original intention of this work was to prepare the Adams'
platinum oxide catalyst and use this to prepare platinum black catalysts.
It was thought that X-ray measurements could be made on the oxide and
also on the platinum blacks produced by reduction of the oxide with
hydrogen. . These measurements, together with measurements of catalytic
activity were considered to form the basis of a useful experiment.
However, attempts to reduce the Adams* oxide with Hydrogen at
temperatures up to 100 °C in the liquid phase were unsuccessful.
104
This has been reported before, for example, it is known that volatile 
sulphur compounds poison the oxide and prevent reduction with hydrogen.
As a result, it was decided to reduce the oxide using sodium formate 
solution.
Preparation of Adams' platinum oxide catalyst
104This v/as prepared by following the method suggested by Vogel.
3 grams of ammonium chloroplatinate and 30 grams of analaR sodium 
nitrate were ground together,and then heated in a Pyrex beaker at 
fairly low temperature, until the evolution of oxides of nitrogen 
slackened. The mixture was then heated more strongly, the temperature 
being brought up to 500 - 530 °C. The mixture was maintained at this 
temperature for 30 minutes and then it was allowed to cool. The 
residual solid mass was treated with 50 ml water and a brown 
precipitate of platinum oxide (PtO^^O) settled to the bottom of the 
beaker.. The oxide was washed twice more by decantation, followed 
by centrifuging. Washing was stopped when the precipitate became 
colloidal. The oxide v/as then collected and dried in a vacuum 
dessicator.
Three specimens of oxide were prepared, (1) by digestion of 
the ammonium chloroplatinate at 500 °C for 50 minutes, (2) by digestion 
at 700 °C for 5 hours and (3) by digestion at 900 °C for 3 hours.
X-ray examination of Adams1 oxide
The oxide specimens were examined on the diffractometer and as a 
result, the third specimen, prepared at 900 °C, was not used for further 
work. This specimen v/as observed to have undergone.considerable 
decomposition to platinum metal and other oxides of platinum.
Crystallite size only was determined for specimens (1) and (2),
since many peaks overlapped. The structure of the Adams’ oxide catalyst
has not previously been determined and therefore it was not generally
possible to measure peak intensities. However, two reflections at
0 ss 12 0 30' enabled approximate crystallite sizes to be determined,
using the Scherrer eq11.
Preparation of Platinum blacks
Adams* platinum oxide, (1 gram) was added to 100 ml of 2% W/v 
solution of sodium formate in water. The solution was heated to 
70 °C, when reduction immediately took place. The mixture was 
maintained at 70 °C for 30 minutes, and then the platinum black was 
washed with 2 x 20 ml portions of distilled water, and then with 
2 x 20 ml 95% ethanol. The specimen of platinum black was washed 
with a further portion of absolute ethanol and then kept under absolute 
ethanol. Specimens of platinum black were prepared from each of 
the specimens of Adams catalyst. It was observed that spontaneous 
ignition of residual ethanol occurred when the catalysts were allowed 
to dry in air.
X-ray examination and analysis of platinum blacks
This was carried out, as described above for the active Raney 
nickel catalysts.
RESULTS
Figure 10 shows the Hall-Williamson plots obtained for the two 
specimens of platinum black which were derived from the Adams oxide 
specimens# The results for microstrain and crystallite size for 
the platinum blacks, together with the crystallite sizes of the respective
Adams oxide, are shown in table 7
o
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Figure 10 Integral breadths of platinum black catalysts, prepared
from Adams* platinum oxide, of different crystallite sizes.
Approximate Crystallite size and microstrains of platinum
crystallite blacks
size of D100 ^100 D111
£
111
Adams’ oxide fi x 10“^ r X 1 0 “3
25 R 22 1.3 38 8.1
37 R 31 1.1 5^ ^.7
Table 7. Microstrain and crystallite size in platinum blacks.
DISCUSSION AND CONCLUSIONS
The results obtained with platinum sponge clearly establish a 
relationship between the microstrain and the temperature used for- 
decomposing the ammonium chloroplatinate. The relationship was similar 
to that obtained with Raney copper and nickel. Thus, higher temperatures 
led to lower defect concentrations in the platinum sponge. The large 
crystallite sizes and small microstrains obtained with platinum sponge 
support observations that this catalyst has relatively low activity.
In contrast to the results for platinum sponge the platinum 
blacks had much smaller crystallite sizes and higher microstrains in 
the direction. An interesting feature was that was
greater than in spongy platinum, but much less than
platinum black. The values of C^qq obtained with the platinum blacks
were very much smaller than expected and it is difficult to account for 
this. The low values may be the result of the method of preparation, 
in this context it is noted that Das et al^^ also observed wide 
differences in the values of microstrain for a given crystallite size 
in platinum blacks. A further possibility is that the result is due 
to the considerable errors involved in measuring the breadths of the 
weak (4-00) reflections from platinum blacks.
The defect concentrations of the platinum blacks appear to be 
directly related to the crystallite size of the Adams1 oxide catalyst.
As expected, the crystallite size of the oxide was related to the 
temperature of preparation. From the results, it might be supposed 
that each crystallite of oxide was reduced to metal, with little 
crystallite.growth occurring during reduction.
The values of defect concentrations agree closely with those 
obtained by Das et al.*^ these authors observed values of
= 7 - 9  x 10~"> for crystallite sizes in the range 30 - *f0 8.
GENERAL CONCLUSIONS AND DISCUSSION
It has been shown that the presence of crystal defects in 
cold worked metalsresults in enhanced chemical reactivity. This 
phenomenon arises because the free energy of the metal is raised 
above the stress-free, ground state energy level and the activation 
energy for chemical reaction is lowered. :
X-ray line broadening analysis has permitted quantitative 
measurements to be made of microstrains and crystallite sizes* and 
electrochemical measurements have enabled quantitative measurements 
to be made of changes of surface chemical properties. Quantitative 
relationships have been established between residual microstrain energy 
and change of electrode potential of copper, and also between the 
microstrain energy and the exchange current densities of copper and 
nickel. Thermodynamic equations have been proposed to account for 
the observations,and where possible, these have been tested.
X-ray diffraction provides a standard method for the determination 
of residual strains in metals. However, a survey of present 
electrochemical literature shows that very little use has been made of 
this technique to relate corrosion rates with structural defects.
It has also been shown that very high defect concentrations may 
exist naturally in chemically prepared metals, such as catalyst powders. 
Unfortunately, surface contamination precludes electrochemical 
measurement of surface energies of catalysts. However, the X-ray 
technique has shown that very high microstrains exist and so it is 
concluded that surface energies would be high.
Changes of surface activity of catalysts could only be assessed 
from literature values and so this aspect of the present work was 
only semiquantitative. However, it v/as clearly observed that
catalysts of higher Activities had much higher defect concentrations 
than catalysts of lower activity. In this context, it would be 
of interest to measure specific activity of a series of catalysts, by 
using measured activities, together with B.E.T. measurements of surface 
area. These measurements, coupled with defect concentrations obtained 
by X-ray line broadening, would serve to establish quantitative 
relationships between catalytic activity and defect concentrations.
At the present time, such measurements are not generally available.
The interdisciplinary nature of the subject is largely responsible for 
this lack of information.
Changes of defect structure have been correlated with the 
stability of Raney nickel and copper. It has been shown that catalysts 
with high defect concentrations were less stable, changes of temperature 
were shown to markedly affect annealing processes. Freshly prepared 
catalysts were observed to have extremely high microstrain concentrations 
which rapidly decreased on aging.
A controversial point regarding these observations, is whether 
hydrogen plays a significant role in stabilising the catalysts* structure 
It is the author’s opinion that adsorbed or absorbed hydrogen atoms are 
intimately connected with the defect structures of Raney nickel and 
copper. This proposal seems to best fit the experimental observations 
in the present work and elsewhere. Further work is necessary to 
establish whether the high microstrain in Raney nickel is related to 
the quantity of hydrogen present in the lattice.
In addition, it has been demonstrated that defect structures in 
platinum oxide were carried over into platinum black, when the oxide 
was reduced. It would be interesting to examine defect structures in 
metals, obtained by reduction of cold worked oxides, or other suitable 
compounds. The general effects of ball-milling oxides has been shown
by Lindley, and an extension to this work could be made
Integral breadth methods of line broadening analysis were 
generally used in the present work,since it was merely desired to make 
correlations between changes of chemical properties with defect 
structures. With highly active catalysts, extensive peak overlapping 
prevented application of other methods of line broadening analysis. 
With reflections from highly active catalysts, the integral breadth 
method of Hall and Williamson was chosen because this method assumes 
a Cauchy distribution of intensity in the X-ray peaks. This method 
was considered to be the most suitable procedure to use when 
crystallite size was the major cause of line broadening.
At the present time, work is being carried out by E.J. Wheeler, 
to establish a further method of analysing very broadened profiles 
obtained from catalysts of small crystallite size.
APPENDICES
Analysis of electron diffraction spots
(a) Crystallite size measurements
One of the difficulties presented with electron diffraction 
measurements is that because of high background scattering, spot 
profiles cannot easily be measured. a For crystallite sizes, determined 
by the Scherrer equation, the broadening was measured using a travelling 
microscope, and the angular spread determined from the instrument 
geometry.
A method of analysis has been suggested by E.J. Wheeler, which 
does not depend on instrument geometry and merely requires measurement 
of the spot width (dR) and spot radius (R). A simplified development 
of the equation is presented below.
dR
29
L
r r \
Assuming the Scherrer formula, t = -------   where t is the
He. P COB6
crystallite size indirection perpendicular to the reflecting planes.
Since the Bragg condition is obeyed, we may substitute for A , 
and assuming that K is unity, we obtain,
2 dhklsine 2dhkle
t = ' " r cose  = — ft—  ’ since eis
small,
In addition, since 0 is small, 20 = , and p = L
d.. -R . hklso t = dR
(b) Microstrain measurement
Consider two coherently diffracting domains, of cubic shape, each 
with the same zone axis <^UVW> vertical, and with domain size a 2.
If one domain is rotated about its axis through a small angle, a highly 
strained dislocation boundary will exist between the domains.
0
Let OC = r, where C = midpoint of AB.
For small 6 , AB ^ a,
© aand tan
so
2r ’
a 
0 ’
107The formula for dislocation density ( p ), given by Cottrell is,
P = , where b = Burgers1 vector.
so P ss
A simple equation has been proposed by Williamson and Smallman 
which gives microstrain in terms of dislocation density
.2
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P =
16 (O'
This equation was used in the present work.
X-ray diffraction equipment
X-ray diffraction measurements on copper and nickel wires were 
carried out, using a Philips diffractometer. This consisted of a 
P.W. 1010 stabilised X-ray generator, a P.W. 1050 goniometer and 
proportional counter, and a P.W. 1051 scalar and recording panel.
X-ray work on catalysts was carried out on similar equipment, with 
Panax recording equipment substituted in place of the Philips apparatus.
The radiation used was copper Ka , obtained at a tube rating of 
56 kilovolts and 20 milliamps. The counter tube operating voltage 
was 1650 volts, this being the E.H.T. sufficient to attain the flat 
part of the plateau.
X-ray profiles were recorded automatically on a chart recorder, 
using scanning speeds of 1/8 0 per minute for cold worked metals,
1/4 0 per minute for Raney copper and platinum sponge, and 1/2 0 per- 
minute for Raney nickel and platinum black. A time constant of 1 sec. 
was used generally; however, with catalyst powders a time constant 
of 2 sec. was used in some cases to reduce the background count.
The divergence, scatter and receiving slits were used, as 
recommended in the Philips manual.
Divergence slit Receiving slit Scatter slit 
0 0.2 ram. k 0
2 0 0.1 mm. 2 0
1 0 0.1 mm. 1 0
For the highly active catalyst powders, the excessive line 
broadening necessitated measurements of the (200) and (111) reflections 
over a rather wider angular range than above. In these cases, the 
angular range was 60 - 20 °, and 1 0 and 0.1 mm. slits were used.
Flat, rectangular stationary specimen holders were used, since all 
materials had sufficiently small crystallite size to eliminate spottiness
Angular range 
153.5 * 8 0  0 
80 - kO 0 
kO - 20 0
Estimation of errors
It is difficult to derive an estimate of the error involved in 
the measurement of broadened X-ray lines. A check of the relative 
integrated intensities of the reflections from cold worked specimens 
indicated that the accuracy of measurement was + 10/. However, with 
the integra.1 breadth method, overestimate of the peak area, due to 
selection of too lowh background, leads to an overestimate of the 
peak height,(and vice-versa). As a result, the errors cancel and the 
accuracy of the integral breadths is better than hk 5% for cold worked 
specimens.
With very broadened reflections from catalyst powders, there is 
increased difficulty in accurate measurement of integrated intensities 
since peak overlapping occurs. It is necessary to assume that the 
relative intensities of adjacent peaks remain the same; this appears to 
hold, at least for relatively inactive catalysts, where overlapping is 
not too high. The largest error in measuring the integral breadth is 
derived from the measurement of peak height. This is especially 
difficult when a weak reflection is overlapped by an adjacent strong 
reflection. Under these conditions, the integral breadths could only 
be measured \tfith an accuracy between + 5% and + 20/, these values 
depending on both the peak intensity and the extent of broadening.
These errors have been indicated in figures 2 and 3 (chapter *»•), but not 
generally elsewhere. Since greater error occurs in measurement of 
the integral breadth at high angles, the microstrain values are subject 
to greater error than the measurements of crystallite sizes.
With the highly active catalysts, crystallite size was the main 
cause of line broadening, therefore the analytical method of Hall and 
Williamson was chosen, rather than the method of Wagner and Aqua. The 
two methods give similar results for the trends in microstrain and
crystallite size
With electrode potential measurements, emfs were reproducible to 
hh 0*1 millivolt* The polarographic technique gave highly reproducible 
results, thus, standard estimates of the error for the exchange 
current densities were below + 1% in the case of copper electrodes, 
and + 3/ for the nickel electrodes*
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A STUDY OF THE EFFECTS OF MICROSTRAIN ON-THE 
ELECTRODE POTENTIAL AND THE ANODIC 
DISSOLUTION OF Cu*
D. L ew is , D. O. N o r t h w o o d  and C. E. P ea rce  
D epartment of Chemical Physics, University of Surrey, Guildford
Abstract—The residual strain energies of cold worked Cu wires have been measured using X-ray 
diffraction line broadening. The calculated strain energies and microstrain concentrations have been 
compared with the changes of electrode potential, and also with the changes in the anodic dissolution 
rates. Anodic dissolution rates were measured by an anodic polarographic technique, which gave 
results of high reproducibility.
Resume—Les energies dues aux tensions residuelles dans des fils de cuivre travailles a froid ont ete 
mesurSes en utilisant l’elargissement des lignes de diffraction aux rayons X. Les energies dues aux 
tensions et les concentrations de tensions microscopiques, qui ont dtd calculees, ont ete comparees aux 
variations du potentiel d’electrode, et egalement aux variations des vitesses de dissolution anodique. 
Les vitesses de dissolution anodique ont 6t6 mesurees au moyen d’une technique de polarographie 
anodique, qui a donn6 des resultats tres reproductibles.
Zusammcnfassung—Die Latente Verformungsenergie kaltverformter Kupferdrahte wurde mittels der 
Linienverbreiterung von Rontgenaufnahmen bestimmt. Die errechneten Verformungsenergien und 
die ortlichen Verformungskonzentrationen werden mit dem EinfluB der Verformung auf das Elek- 
trodenpotential und auf die anodische Auflosungsgeschwindigkeit verglichen. Die anodischen 
Auflosungsgeschwindigkeiten wurden mit einer anodischen polarographischen Versuchsmethode 
ermittelt, die Ergebnisse mit guter Reproduzierbarkei lieferte.
IN T R O D U C T IO N
T h er e  are many reports1-8 to be found in the literature concerning the effect of 
mechanical deformation on the electrode potentials of metals. However, the results 
are inconsistent and there is still doubt as to the effect of plastic deformation on the 
electrode potential. Lack of information about the physical state of electrodes may 
account for many of the inconsistencies found. Hoar9 has stated that “there are very 
few investigators interested equally in metal physics and in electrochemistry, and this 
area has been much neglected”.
As a result of plastic deformation, the metal absorbs energy; thus the strained metal 
is more reactive than in the annealed condition. There should therefore be a shift of 
electrode potential in the negative direction when a metal is under strain.
Mechanical deformation produces lattice strains which may be considered to be 
due to a combination of:
(a) Macro- or long-range strains. A strain is produced which is uniform over 
relatively large distances. The lattice plane spacings change from their stress-free 
values to new values corresponding to the stress and the appropriate elastic constants.
(b) Microstrains. Plastic deformation occurs giving rise to non-uniform variations 
*Manuscript received 24 February 1969.
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in the interplanar spacings. These are referred to as microstrains, and can be considered 
as random displacements from the original lattice spacings.
Small changes of electrode potential have been obtained with electrodes subjected 
to deformation within the elastic range.1*2 In this case the changes of potential are 
mainly caused by macrostrains.
After plastic deformation, it has been observed that small permanent changes of 
electrode potential occur,3-6*8 these changes may be associated with the residual micro­
strains formed by cold working.
A recent report8 has indicated that plastic deformation of Cu, produced by com­
pression in a mechanical press, caused a small negative change in the electrode 
potential. This was shown by the increase in e.m.f. with increasing plastic deformation; 
with increase in deformation the rise in e.m.f. became smaller and eventually attained 
a constant value. A value of stored energy was calculated from the change in e.m.f.
The main criticism of this, and other work on different materials, is.that the change 
in potential was shown only as a function of the percentage deformation, and no 
attempt was made to relate the change in electrode potential with the residual lattice 
disturbances produced by the deformation (which in this case would be microstrains).
X-ray line broadening analysis is the only method of measuring the microstrains 
produced by plastic deformation.10*11 The residual strain energy can be calculated 
from the microstrain concentration obtained from the line broadening analysis. An 
increase in the free energy can also be calculated from the change in electrode 
potential. In order to compare the stored strain energy, obtained from the X-ray 
diffraction data, with the free energy increase obtained from the measured electrode 
potentials, it was decided to measure both the change in electrode potential and the 
microstrain concentration produced in Cu by wire drawing.
In addition to changes in the quasi-stationary electrode potentials, there is 
much evidence to suggest that cold working produces an increase in the rate of 
corrosion, 3-5>7*9*12-18 although, as with the work on electrode potentials, the results 
are somewhat inconsistent. An electrochemical study of the dissolution rates of 
deformed copper was, therefore, carried out by the method of anodic polarography.
Exchange c.d. For an electrode in equilibrium with an aqueous solution of its own 
ions, two equal and opposite c.ds. are set up, whose magnitudes determine i0 which 
may be defined for an isolated electrode at equilibrium. It is also reasonable to assume 
that an electrode under conditions of electrochemical equilibrium will exhibit the same 
i0 that it would in isolation. It follows that, for any given electrode at electrochemical 
equilibrium in a cell, z0 is determined only by the properties of the electrode itself 
and the solution, the nature of the other electrode system being immaterial.
The effective number of g atoms/cm2 of metal ions available for dissolution at the 
surface should be increased when a metal is subjected to cold working, or any other 
processes which increase the dislocation density. Thus, plastic deformation should 
produce an increase in i0.
Anodic polarization curves o f cold worked metals. An anodic applied e.m.f./current 
curve may be obtained polarographically, using a small Cu anode and a large pool of 
Hg as cathode that remains virtually unpolarized.
The extent of the anodic polarization is given by the overpotential, which will be a
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function of the e.m.f. applied to the polarographic cell. With the applied anodic over­
potential, a net anodic dissolution current ia will flow, this is related to the anodic 
overpotential by the Tafel relationship; application of the Tafel equation will give 
the value of the exchange current density i0.
E X P E R IM E N T A L
Materials
The specimens examined were composed o f oxygen-free high-conductivity Cu 
wire (B.S. 1861, minimum Cu content 99-95%). The specimens were cold drawn to a 
final diameter of 0-103cm, from various original diameters.
Four specimens were studied, corresponding to approximately 90%, 60% and 
30% reduction of cross-sectional area; the fourth group of specimens was prepared 
from 30 % cold drawn wire, annealed at 400°C under N 2 for 2h, and allowed to cool to 
room temperature for 3h.
The electrolyte solutions were prepared from AnalaR CuS04; the distilled water 
had a conductivity of 4-16 X 10- 6 Q-1 cm-1.
Measurement o f stationary electrode potentials
The quasi-stationary electrode potentials of the cold worked wires were measured 
in 0-1M CuS04 at 25°C. The electrolyte solution was deaerated by bubbling N 2 
through the solution. E.m.f. measurements were made against a normal calomel 
electrode, and also against the annealed wire. The specimens were varnished with a 
polystyrene lacquer in order to expose approximately 1cm length of wire beneath the 
surface of the electrolyte.
In order to remove any surface oxide film the specimens were chemically brightened 
in a mixture of concentrated H N 03 +  H2S 0 4, with 5 % water; after a rinse in distilled
F ig . 1. Cell for measurement of stationary potentials.
1. Salt bridge from calomel electrode; 2 and 3. Copper electrodes; 4. (MM C uS04.
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water, and in electrolyte solution, the specimens were immersed in the cell (Fig. 1). 
A Tinsley d.c. potentiometer bridge was used to measure the e.m.f. values, and 
measurements were taken until steady readings were obtained. In addition, some 
electrodes were subjected to mild anodic cleaning, before measuring their electrode 
potentials against the calomel electrode.
Measurement o f anodic dissolution rates
The anodic dissolution rates of the cold worked and annealed specimens were 
studied in a polarographic cell (Fig. 2). The cathode was a large pool of mercury of 
2cm dia. (approximate surface area 3-lcm2).
Care was taken to place each of the Cu specimens in the same position relative 
to the Hg. The resistances of the cells were measured before and after each test run 
with a Mullard a.c. conductance bridge, to ensure that each cell had approximately 
the same resistance.
The anodic polarization curves (current v. applied e.m.f.) were obtained for at 
least four different specimens from each cold worked group. The electrolyte solution 
used was 0-1M CuS04, deaerated by passing N 2 through the solution for 2h before 
commencing observation; dearation with N 2 was stopped during observations.
The Cu wires were masked with a polystyrene varnish in order to provide anode 
surface areas ~  0*05-0-lcm2. The wires were first immersed in the chemically brighten­
ing solution, and were then washed quickly with distilled water, and then with electro­
lyte solution.
The current flowing at various applied e.m.fs., which was measured with a Tinsley 
Polarograph type V 722/18, was determined applying both increasing and decreasing
e.m.fs., the e.m.f. range being 0-0-06V. Since the applied e.m.fs. were small, an 
auxiliary d.c. bridge potentiometer was used to measure the values. The applied
n2 n 2
F ig . 2. Polarographic cell.
1. Salt bridge from calomel electrode; 2. Cu anode; 3. 0-1M C uS04; 4. Hg cathode.
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potential difference was changed in approximately 5mV steps, and the steady state 
currents recorded on a chart galvanometer. Steady state currents were obtained 
within ~  -^min, although the time taken depended on the amount of damping resist­
ance applied to the recording galvanometer. The apparent anodic c.d. was calculated 
from the geometrical surface area of the exposed Cu wire.
Anodic overpotentials were measured with reference to a normal calomel electrode; 
the overpotentials were obtained by subtracting the residual e.m.f. value at electro­
chemical equilibrium (zero potential across the cell) from the values obtained under 
current flow.
Experimental procedure and analysis o f the X-ray line broadening
The X-ray diffraction profiles were chart recorded with a standard Phillips 
diffractometer using Ni filtered Cu Ka  radiation, and scanned at a speed of 
per min. in 20. The X-ray line broadening was analysed using the integral breadth 
method of Wagner and Aqua,10 and the Fourier method of Warren and Averbach.11
The integral breadths were evaluated after separation of the a2 component by 
Rachinger’s method,19 and corrected for instrumental broadening by the parabolic 
relation:
fB* ~\2
2*  __  ft*  __  \rIn stru m en ta l/
^Measured
^Measured
The strain and crystallite size components were then separated using the following 
equation:
( P * ) a  =  ( p * ) 2  +  ( p * ) 2
where is the total broadening after subtraction of the instrumental broadening, 
is the broadening due to microstrains, and p | is the broadening due to crystallite size
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and faulting. The instrumental broadening was assumed to be that from the sample 
annealed for 2h at 400°C.
For the Fourier method, the measured line profiles were corrected for instrumental 
broadening by the deconvolution method of Stokes,20 which also uses the correspond­
ing annealed peak as standard. The co-ordinates and Fourier coefficients were deter­
mined using a programme written for the University of Surrey Elliott 503 computer. 
Subsequently, the Fourier coefficients were analysed by the method of Warren.11
Residual strain energy was calculated using the following equation, which was 
derived by Faulkner21 assuming an isotropic stress.
r -  15£ r^fl2 
2(3 -  4(i +  8(i2) ' L d  J '
Where V is the residual strain energy, E  is Young’s Modulus, d  is the lattice spacing, 
Afif is the change in lattice spacing, and (z is Poisson’s ratio.
R E S U L T S
Stationary electrode potentials
The relative values of the quasi-stationary electrode potentials, obtained from 
measurements against the annealed specimens, and also against a normal calomel 
electrode, were in good agreement.
Table 1 shows the changes in electrode potential, relative to the annealed wire, 
produced by progressive cold drawing.
Anodic dissolution
The e.m.f.// curves were found to fit the Tafel relationship in the range beyond 
0-03V. Thus, plots of log i vs. applied e.m.f. and log i vs. the anodic over-potential 
(relative to the N.C.E.) gave straight lines. The Tafel parameters i0 and b were calcu­
lated from the experimental data using the method of least square, and Table 2 shows 
the results obtained from both the applied potential data and the over-potential 
data.
X-ray line broadening analysis
The data obtained for the microstrain concentration, which varies with crystallo-
T able 1
Specimen
Electrode 
potential 
vs. 
N.C.E. 
V x  103
Electrode
potential
vs.
annealed Cu 
V x  103
Mean electrode 
potential 
relative to 
annealed Cu 
V x  10s
Annealed 6-63 _ _
30% reduction 8-31 1-65 1-67
60% reduction 9-35 2-50 2-67
90% reduction 9-78 306 3-10
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T able 2
Tafel parameters
Sample Applied potential Potential vs. N.C.E.
log I0 b log I'o b
Annealed -  3-65 0122 -  3-66 0-170
30% reduction -  3-50 0-121 -  3-47 0-175
60% reduction -  3-37 0-121 -  3-28 0-177
90% reduction -  3-26 0-121 -  3-15 0-177
T able 3
Microstrain concentration Residual 
strain energy 
(cal/g atom)Sample Integral breadth analysis Fourier analysis
£m £100 (£h i)‘ (4 > o )‘ Fin Fioo
30% reduction 
60 % reduction 
90% reduction
0-93 x  10-3
1-25 x  10-3 
1-31 x  10-3
1-68 x  10-3
2-23 x  10-3 
2-31 x  10-3
0-65 x  10-3 
0-81 x  10-3 
0-90 x  10-3
1-13 x  10-3 
1-39 x  10-3 
1-46 x  10-3
3-44 3-78 
6-00 6-67 
6-60 7-15-
graphic direction, is shown in Table 3. Values for the residual strain energy, calculated 
using Faulkner’s equation, are also shown.
The value for the microstrain concentration is smaller for the Fourier analysis, 
since it has been averaged out over the effective crystallite size (De). Vhk[ indicates 
that the residual strain energy was calculated using zhkl and Em  in the Faulkner 
equation.
Values of strain energy have been plotted against the change in chemical potential,
£  6-0-
^  4-0
2-0, 0-5 I
M ean  m ic ro stra in  c o n c e n tra t io n  x IO3
F ig . 4 . /„ vs. m icrostrain concentration.
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and Fig. 3 indicates that a linear relationship appears to hold. In addition, a graph 
showing the effect of the microstrain concentration on i0 is presented (Fig. 4), which 
indicates a logarithmic dependence of /„ upon microstrain concentration.
There was also a small change in lattice parameter produced by the deformation, 
the values of lattice parameter obtained were 3-6154A, 3-6153A, 3-6150A and 3-6146A, 
for the annealed, 30 %, 60 %, and 90 % reduction specimens, respectively. The calcu­
lated maximum value for the residual macrostrain was 2-2 x 10-4. This was smaller 
than the microstrain concentration by a factor of 10.
D IS C U S S IO N
The relationship between the quasi-stationary electrode potentials of cold worked 
Cu and the strain energy appears to be approximately linear, although a large dis­
crepancy exists between the strain energy and the change in chemical potential.
In view of the fact that the X-ray measurements yield information on the volume 
or bulk strain, and the electrode potential measurements yield information on the 
surface strain, there is no reason to suppose that the two methods should agree within 
order of magnitude. However, there should be a connection between the bulk strain 
and the surface potential, although as yet there appears to have been no work directed 
in this field.
In view of the good agreement between the electrode potentials obtained here, and 
those obtained by Windfeldt,7 Rais et al.a and also some results obtained with Cu 
powder (to be published subsequently) it would appear that a fundamental difference 
exists between the results obtained from the X-ray method and the electrochemical 
method of measuring the stored energy of deformation. This difference is further 
substantiated by the good agreement of the microstrain obtained in this investigation 
with the values obtained by Wagner et al.,22 who also examined Cu, of similar 
specifications, using X-ray diffraction.
The discrepancy may be accounted for by reference to the differences which 
underlie the two methods of measuring the energies. Both volume and surface strains 
are not usually uniform. The electrode potential measurements are characteristic of 
the high energy locations in the surface layers, such as the energy at dislocation cores 
emerging at the surface, the low energy regions contribute relatively less to the electrode 
potential. In addition, the drawing of the wires produced a larger strain in the outer 
regions compared with the strain at the central regions. To test this hypothesis, 90% 
cold drawn wire was etched down to 46 % of its original diameter, and X-ray examina­
tion indicated that the microstrain concentration (si0o) had decreased from 2-31 X 10-3 
to 1T3 x 10-3. The X-ray diffraction data provide an average strain over a consider­
able depth of specimen and must, therefore, give a lower figure for the strain energy.
Similar reasons apply in the case of corrosion behaviour, since dissolution of 
metal usually takes place at preferential sites. Increase in the dislocation density will 
increase the number of suitable sites where attack may take place.
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RELATIONSHIP BETWEEN RESIDUAL MICROSTRAIN 
AND ELECTRODE POTENTIAL IN  
MILLED COPPER POWDER*
D. L e w is  a n d  C . E . P ea r c e  
D epartment of Chemical Physics, University of Surrey, Guildford, England
Abstract—X-ray diffraction line-broadening analysis has been used to measure the residual micro­
strain in ball-milled copper powder. Residual strain energy has been calculated from the microstrains 
obtained for different degrees of cold working. The stored energy produces changes in the electrode 
potential; a comparison has been made between the strain energy, obtained from the X-ray data, and 
the change of surface free energy, derived from the electrode potential measurements.
The relationship between the strain energy and the change in the electrode potential, relative to 
that of the annealed state, is linear. A  slow decrease of the electrode potential of the cold worked 
specimen takes place with time. This is attributed to the exchange current operating at the surface of 
the electrode.
Resume—Des mesures de largeur de raies de difraction X  ont ete utilisees en vue d ’estimer la micro­
tension residuelle de la poudre de cuivre, obtenue dans un broyeur a  boulets. L’energie de tension 
residuelle a ete calculde a partir des microtensions obtenues avec differents degres de travail a  froid. 
L’energie ainsi emmagasinee produit des variations dans le potentiel d ’electrode; une comparaison 
a ete faite entre l’energie de tension, obtenue a  partir des rayons X et le changement d ’energie libre 
superficiel deduit de mesures de potentiels d ’electrode.
La relation entre l’dnergie de tension et le changement de potentiel d’electrode par rapport & 
l’etat recuit, est lin6aire. Une legere diminution du potentiel d’electrode de specimens traites a froid 
se manifeste avec le temps. Ceci est attribue au courant d’echange operant a la surface de l ’electrode.
Zusammenfassung—Analyse der Rontgenstrahl-Beugungsstreifenverbreiterung ist benutzt worden, 
um Mikrorestspannungen in Kuperferpuder zu messen, der aus Kugelmuhlen erhalten wurde. 
Restformanderungsarbeit ist von den Mikrospannungen berechnet worden, die unter verschiedenen 
Graden der Kaltverarbeitung erhalten wurden. Die aufgespeicherte Energie erzeugt Anderungen 
des Elektrodenpotentials. Es wurde ein Vergleich zwischen der aus Rontgenstrahldaten erhaltenen 
und der Anderung der freien Oberflachenenergie gemacht, die aus den Messungen des Elektroden­
potentials abgeleitet wurde.
Die Spannungsenergie und der Wechsel in dem Elektrodenpotential, in Bezug auf den getemperten 
Zustand, stehen in einem linearen Verhaltnis. Eine langsame Abnahme des Elektrodenpotentials 
der kaltbearbeiteten Probe erfolgt im Laufe der Zeit. Dies wird dem Austauschstrom zugeschrieben, 
der an der Oberflache der Elektrode fliesst.
IN T R O D U C T IO N
W h e n  a  metal is cold worked, some of the energy used in the deformation process 
remains stored in the lattice. This energy is derived mainly from the residual strains 
which are produced by the introduction of dislocations into the lattice when plastic 
deformation occurs. These strains may be considered to be due to a combination of:
(a) Macrostrains or long-range strains. A strain is produced which is uniform over 
relatively large distances. The lattice-plane spacings change from their stress-free 
values to new values corresponding to the stress and the appropriate elastic constants.
(b) Microstrains. Plastic deformation in metals induces non-uniform variations 
imthe lattice spacings due to the accumulation of dislocations. These can be con­
sidered to be random displacements of lattice points about a mean value.
(c) A further eifect of cold working is the reduction in the dimensions of the co­
herently scattering domains (crystallites). This is related to the accumulation o f  
dislocations and therefore is also related to the microstrains.
X-ray diffraction line-broadening analysis is the only known method of measuring,
* Manuscript received 10 June 1970.
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microstrains and crystallite sizes in plastically deformed crystalline materials; the 
method may also be used to obtain a value for the macrostrain. The strain energy may 
be calculated from the measured residual strains.
The strain energy increases the free energy of the solid.1 As a result, the activation 
energy for chemical reactions involving the solid will be lowered if the structure is 
strained. The solid will then react at a faster rate if the rate-limiting step is activation- 
controlled. If the solid reacts with another phase, the rate may be controlled by 
diffusion in the other phase, and in this case the strain may have little influence on the 
reaction rate.
It has been shown that the activation energy for recrystallization decreases with 
increasing cold work.2 In addition, the present authors have shown3 that the rate of 
anodic dissolution of copper wire, under small polarizing potentials, is faster for cold 
worked metal than for annealed metal. In both cases, the reaction rates are governed 
mainly by activation-controlled processes.
Small changes of the electrode potentials of metals, measured with and without 
current flowing, have been observed3-7 for plastically deformed metal electrodes. The 
increase in the free energy of the metal changes the electrode potential to a more 
negative value. However, in almost all of these observations, only a qualitative 
relationship has been shown between the electrode potential and the extent of deform­
ation. In a previous paper3 we have shown that the change of the electrode potential 
of cold-drawn copper wire, relative to that of the annealed state, may be correlated 
with the microstrain produced by wire drawing. In this case, there was a linear 
relationship between the strain energy and the electrode potential. However, the 
values obtained for the residual strain energy were substantially smaller than the values 
obtained for the free-energy change of the electrode process. This difference was 
largely explained by the fact that the wire-drawing process produced more strains 
in the outer regions of the wire than in the central regions. The X-ray diffraction data 
provided an average strain over a considerable depth of specimen and therefore 
yielded a lower average value for the microstrain energy.
The change in the free energy due to the residual strain energy may be discussed by 
referring to free-energy cycles for the annealed state, which is the thermodynamically 
stable standard state, and the cold-worked metal, which is in a thermodynamically 
metastable condition.
(a) Annealed metal {strain-free) 
We may write
+ Iz
-j- ze
+  A G suW —a  a„*+Ma<i
M  <---M IX +  ze M
where AG°ul3l is the standard free energy of sublimation of the metal lattice to gaseous 
metal atoms, Iz the ionization energy for conversion of gaseous metal to metal ions, 
A/*0 the standard free energy change for the electrode reaction, AGM*+ the standard 
free energy of solvation of the metal ions in the solution and </>e the electronic work 
function for the theoretical process of transfer of electrons from the electron gas to the
Relationship between residual microstrain and electrode potential in milled copper powder 749
metal. The work function is here written with a positive sign since the metal increases 
in energy when charging up.
(b) Cold worked metal 
Here, we write
The term AGBtrain is a thermodynamic function of the total volume of the solid phase, 
the value of A/u must also refer to the total volume of the solid. It is usually assumed8 
that the free energy and the strain energy may be equated directly, since the entropy 
change resulting from plastic deformation is small when compared with the increase in 
the internal energy (the residual strain energy).
It is proposed here that the residual strain energy in the surface layers of the solid 
is proportional to the total strain energy. As a result, the change in the surface free 
energy (and hence the change in the electrode potential) will also be directly related to 
the total strain energy,
where AE is the difference in electrode potential between the cold worked and annealed 
metal. In a cell, the measured difference in electrode potential between two electrodes 
is independent of the difference in the work functions of the two metals involved. 
Therefore AE  measures directly the change of surface free energy resulting from cold 
working.
Cold-worked copper is in a metastable condition. As a consequence, two processes 
may occur when the metal reacts as an electrode in a solution of its own ions.
(a) The residual strains may decrease with time due to annealing processes 
occurring within the metal.
(b) Operation of the exchange current at the electrode surface may remove metal 
atoms from reactive sites and redeposit the metal at stable sites.
Both processes will reduce the magnitude of the relative emf with time. The 
estimation of the surface free-energy change resulting from cold working will be 
accurate only if these processes are so slow that negligible changes of the emf occur 
during the time of the experimental measurements.
With regard to (a) above; at low temperatures, the rate of annealing of 99-999% 
copper is extremely slow. From the results o f Decker and Harker,9 this material 
would require approximately 5000 h for recrystallization at 298°K. Although the 
metal is in a metastable state, the rate of transformation is so slow that for practical 
purposes the microstrain may be assumed to be constant during the short period of 
time required for the emf and X-ray measurements.
In the case of (b), the experimental evidence presented in this paper, indicates that 
the operation of the exchange current brings about only a relatively slow change of the 
electrode potential with time at 298°K. As a result, the electrode may be considered 
to be in a state of quasi-equilibrium and the electrode potentials resulting from strain 
are thus found to be reproducible.
M(gas)
t
+ (AG'subir A(?gtrain)
M(gag) "b ^(gas)
M  (strained) "*
+  (A fi° + Afi)
A E  oc A £^strain
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E X P E R IM E N T A L  T E C H N IQ U E
Material preparation
The copper powder was supplied by Johnson and Matthey (99-999% spectro­
scopically pure). The metal was annealed for 6 h at 300°C whilst still in the glass 
ampoules supplied by the manufacturer.
2-g samples were ball-milled in a copper milling pot, using a copper-plated steel 
ball. The milling was carried out in a glove box under an atmosphere of oxygen-free 
nitrogen. The milling times were 1, 10, 30, 60 and 120 min. In all cases the X-ray 
examination and the electrochemical examination were carried out within 24 h of 
the milling process.
The electrolyte solutions were prepared from Analar copper sulphate and sulphuric 
acid.
X-ray examination and analysis
The X-ray diffraction profiles were chart recorded on a Philips diffractometer, 
using nickel-filtered copper-Ka radiation. The specimens were scanned at -|-° per min 
in 20. The X-ray line broadening was analysed by the integral breadth method of 
Wagner and Aqua,10 after separation of the Ka2 component by Rachinger’s method,11 
and correction for instrumental broadening. The residual strain energy was calculated 
by Faulkner’s method.12
Measurement o f the electrode potential
The cell was made from four hard-glass tubes, connected together via side arms. 
Two annealed and two cold worked powders were used in each experiment. A speci­
men was placed in each tube, and contact was made to each powder by means of 
annealed copper wires sheathed in polyethylene tubing. The powder was first im­
mersed in dilute sulphuric acid; transfer of the powders to the cell was made by means 
of a pipette.
Measurements of the electrode potentials of the cold worked powders were made 
in 0-1 molar copper sulphate solution at 298°K. These measurements were made 
within 24 h of milling, and over periods of approximately 5 h. The solution was 
de-aerated by bubbling nitrogen through the solution. Emf measurements were made 
against both the annealed specimens and also against a normal calomel electrode. In 
some cases the contact wires were interchanged in order to determine whether the 
interchange altered the emf. No alteration was found.
An investigation was carried out in order to ascertain the rate of decrease of the 
emf of the cold worked powder electrodes with time. The electrolyte solution con­
tained copper sulphate, 0-1 mole/1 and sulphuric acid, 1-0 mole/1. The solution was 
de-aerated by boiling and then cooling under an atmosphere of nitrogen. The electro­
lyte solution was then allowed to stand for two weeks in the cell in contact with copper 
powder. This was in order to remove any traces of oxygen or other impurities, which 
might have been present due to adsorption on the cell walls. Emf measurements 
were made at intervals over a period of approximately 200 h. The cell was kept at 
298°K, and the specimens were occasionally shaken. X-ray diffraction profiles of the 
specimens were measured before and after immersion in the cell.
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R E S U L T S
Figure 1 indicates the effect of ball-milling time on the integral breadth for the 
111, 200, 222 and 400 X-ray reflexions. The plots of (/3*)2 against (d*)2 were used to 
determine the residual microstrain and crystallite size for each cold worked specimen.
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F ig . 1. Effect o f  ball-m illing tim e on  the integral breadth for  the 111, 200, 222 and
400 X-ray reflexions.
Figure 2 shows plots of e100 and £m  as a function of the ball-milling time; it is 
seen that strain saturation is approached after milling for 2 h.
Figure 3 shows the rate of change with time of the relative electrode potential of 
three different samples of cold worked powder, two being of similar strain energy. It 
can be seen that the decrease of the electrode potential with time is relatively very slow.
Figure 4 shows the relationship between the mean microstrain energy, calculated 
from e100 and em , and the electrode potential relative to the annealed copper powder, 
the surface free energy increase is also shown. It is seen that a linear relationship is 
obtained; a least-squares calculation indicates that the line passes through the origin. 
Values of the initial electrode potentials of the cold worked specimens in the acidified 
copper sulphate solution have alse been included. As expected, the presence of sul­
phuric acid does not alter the relative electrode potential.
After two hours of ball-milling, the lattice parameter of the copper changed from
3-6156 A (annealed) to 3-6175 A, the maximum value of the macrostrain obtained 
being 5-3 X 10-4.
Samples of the annealed and cold worked copper powder were taken after 200 h in 
the acidified copper sulphate solution; these were placed in dilute sulphuric acid
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solution and shaken for 6 h in contact with air in order to remove surface layers of 
atoms. On replacing these powders back into the cell, it was found that the relative 
electrode potentials partially returned to their original values. X-ray examination of 
the specimens before and after immersion in the cell indicated that no change in the 
total strain energy had occurred.
By milling in an inert atmosphere, it was found that reproducible strain energy and
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emf measurements could be obtained; during a previous trial experiment on copper 
powder, supplied in an open bottle, exposed to air, it was found that ball-milling in air 
produced similar microstrains, but the emf measurements were not reproducible. This 
was probably due to oxide inclusions, since it had been observed that ball-milled copper 
powder oxidized rapidly in air.
Ball-milling was carried out in a different copper milling pot using a different ball- 
mill, and the residual microstrains were found to be induced into the powder at a 
different rate. However, the X-ray method and the electrochemical method still yielded 
consistent results for the microstrain energy and the change of the electrode potential.
D IS C U S S IO N
The values of the strain energy estimated by the X-ray method and the surface free- 
energy change, obtained from the electrode measurements, are not very different. This 
is due to the relatively uniform microstrain distribution which is obtained throughout 
the volume with ball-milled powders. However, a small difference exists between the 
two values, the surface free-energy change being larger than the strain energy. One 
reason for this is that greater microstrain occurs at the surface of the milled particles 
than in the interior. This effect has already been observed in ball-milled powders,13 
the microstrain decreasing with increasing distance below the surface. Also some 
macrostrain was produced, although even in the most heavily cold-worked sample the 
macrostrain was 10 times smaller than the microstrain. The macrostrain would 
account for only a small part of the difference in free energy and strain energy, 
because the strain energy is proportional to (strain)2.
In addition, low-energy electron-diffraction measurements have indicated that an 
approximately 5 per cent expansion takes place in the spacings of the surface planes of
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metals,14 and as a result, the strain energy per cm of a dislocation would be approxi­
mately 10 per cent larger in the surface than in the interior.
The slow rate of decrease of the electrode potential of the cold worked powder with 
time suggests that the exchange process at the electrode surface occurs by an epitaxial 
mechanism, in which dissolution and deposition takes place to and from the strained 
surface, so as to maintain the state of strain in the surface for a considerable time. It 
would appear likely that the strained locations on the surface gradually become less 
active, due to the slow deposition of atoms on to the relatively unstrained regions in 
the neighbourhood around the active sites in such a manner that the strained regions 
become gradually shielded. If the exchange cd of copper in 0-1 molar copper sulphate 
is taken to be approximately 10-4 A/cm2, it would only take a few seconds for 1015 
atoms to exchange, and on this basis, most of the exchangeable surface atoms should 
have exchanged many times during the time of the experiment.
Since the electrode potential and the residual strain change only very slowly with 
time, a state of quasi-equilibrium is preserved at the metal/solution interface; hence 
reversible thermodynamics may be applied to the system. As a result, if the emf 
relative to the annealed state is measured over a period of a few hours, it will provide a 
reliable value for the free-energy change in the surface resulting from the cold working.
Many solids exist in a metastable state, since the rate of conversion to the stable 
form is slow at low temperatures. In most cases, the microstrain concentration is small, 
and hence the value of A(jsfcraill will also be small. However, the strain energy is of 
considerable magnitude in many cold-worked crystalline materials. Residual strains 
have also been observed by the authors, and others, in chemically prepared powders 
such as Raney copper and nickel, in martensitic materials, and in mixed phase one- 
component systems such as the calcite-aragonite-vaterite system. In all these cases 
metastable phases occur, and as a result the chemical potential may be significantly 
raised. As a consequence, in defining the standard state for solids, due regard should 
be given to strain and composition contributions to the free energy. We consider that 
the standard state for a solid should, in practice, be defined for the thermodynamically 
stable phase in the annealed condition, in which the strain and crystallite-size effects 
are negligibly small.
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